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Abstract
Localized surface plasmon resonance (LSPR) is a phenomenon of
collective oscillation of conduction electrons in metal nanoparticles
smaller than the wavelength of light that is used for its excitation.
Plasmonic metal nanoparticles are able to confine light to extremely small
volumes around them, i.e. below the diffraction limit. This gives rise to
strongly localized and enhanced electromagnetic fields in so-called “hot
spots” of the plasmonic nanoparticle. These hot spots usually correspond
to the edges, sharp corners or tips of monomer structures, and, in case of
coupled multimer arrangements, to the antenna junctions. Plasmonic hot
spots are highly advantageous for sensing, since any object that is inserted
there will influence the optical resonance of the system via coupling to the
local field. Placing a well-defined catalytic nanoobject in the hot spot of a
plasmonic nanoantenna offers thus unique possibilities to obtain detailed
information about the role of specific features (e.g. facets, size, shape or
relative abundance of low-coordinated sites, etc.) of that particle for its
functionality/activity at the single particle level. Consequently, there is an
increasing interest to use plasmonic antennas as a tool to investigate
catalytic processes in/on single functional nanomaterials in situ. Single
particle measurements are possible with the use of dark-field scattering
spectroscopy, since plasmonic nanoparticles efficiently scatter light and
are easily observable in the dark-field microscope. In this context, this
work was dedicated to: 1) Development of a fabrication method for
making plasmonic nanoantenna structures with the possibility to place a
nanoparticle of interest (catalyst) in the hot spot of the antenna. 2)
Investigation of the role of size and shape in hydride formation
thermodynamics of wet-chemically synthesized single palladium (Pd)
nanocrystals. The latter was possible by attaching the Pd nanocrystal to a
plasmonic nanoantenna (gold sphere) by means of electrostatic selfassembly. The role of size was investigated for Pd nanocubes ranging
from 20 to 50 nm. The role of shape was considered by modulating the Pd
nanocrystal shape from cube to rod and octahedron.
Keywords: localized surface plasmon resonance, plasmonic sensors,
palladium nanoparticles and nanocrystals, hole-mask colloidal
lithography, shrinking-hole colloidal lithography, metal-hydrogen
interactions, single particle spectroscopy, dark field scattering
spectroscopy, nanoscale effects, enthalpy of formation
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Nanoparticles surround us everywhere – just look at your silver (Ag) spoon (if you
happen to have one with an electron microscope at hand): it’s producing nanoparticles
as we speak1! Ancient Romans2 and Egyptians3 were among the first to exploit
nanoparticles for their needs such as hair dyeing or for colouring vessels. Most likely
they did not know what exactly they were doing; after all, it was not in an era of rapid
development of nanofabrication and characterization techniques. On the contrary,
scientists nowadays are able to not only study the nature-made nanoparticles (the ones
contained in, for example, sand, dust, volcanic ash, etc. or biological matter like
viruses, DNA and biomolecules) or incidentally-man-made nanoparticles (“spoon
case” above or other by-products of daily human activities such as soot produced by
car engines or simply by burning a candle), but can also engineer nanoparticles of their
own! The latter is to a large extent what this thesis is about – to design and create
understanding of engineered nanoparticles with well defined sizes, shapes and
composition. The simplest reason for the “why” being human’s curiosity to reveal the
secrets of the (nano)world by carefully exploring its tiny inhabitants. How and why
nanoparticles behave as they do? On a larger scale, however, we have seemingly
infinite motivations to tame nanoparticles for the benefit of mankind. Nanoparticles
can potentially help prevent4 or even cure diseases5,6, save the Earth from pollution7,8
and play an important role in the development of efficient and sustainable energy
sources9.
From this introduction it becomes clear that there is an immense variety of questions
one can ask and study about nanoparticles, and thus it is hard to embrace them all.
Therefore, this work is mainly focused on studying the interaction of a nanoparticle
with its surrounding environment. Among these interactions the focus is placed on
events such as adsorption or desorption of species on/from the particle, as such
processes, for example, are centrally important steps in every catalytic reaction. The
following paragraphs thus introduce the concept of catalysis, techniques for how to
study catalyst nanoparticles and challenges in this direction.

1.1 What is a catalyst?
First of all, what is a catalyst? If there was a (re)action movie to be made, starring
chemical A and chemical B that together form product P, a catalyst could play a guy
that comes in with a line: “We can do this the hard way or the easy way”. In other
words, a catalyst is a substance that facilitates a chemical reaction by lowering the
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activation energy that is needed for the reaction to occur. In a catalysed process,
reactants A and B spontaneously adsorb to the catalyst, maybe dissociate, and react
with each other while they are bound to it. The activation energy of the rate limiting
elemental reaction step along this reaction pathway is significantly lower than that in
the corresponding uncatalysed reaction. Typically, for A and B reacting in gas or
liquid phase, catalysed reactions are also thermodynamically downhill, i.e. they are
exothermic and lead to a decrease in the free energy. This way, a catalyst is able to
significantly enhance the rate of reaction or change the distribution of the reaction
products selectively towards specific compounds. When the product is formed, it
detaches from the catalyst and leaves it unaltered and unconsumed during the process,
so that the catalyst is available for the next reaction event. While the overall change in
free energy is the same both for catalysed and uncatalysed reactions, the kinetic
barriers are lowered.
There are three types of catalysts: biocatalysts (enzymes and cells), homogeneous
catalysts and heterogeneous catalysts. In heterogeneous catalysis, as opposed to the
homogeneous, the catalyst and reactants are in different states, i.e. solid, liquid or gas.
In the majority of cases, the catalyst material is a solid, and reactants are molecules in
the gas or liquid phase. Heterogeneous catalysts can be metals, oxides, sulfides,
carbides, nitrides – practically any type of material – supported (nanoparticles) or
bulk. The support can be either amorphous (e.g. porous alumina, silica, carbon (C)) or
crystalline (zeolites), and mainly serves as a template with high surface area and
porosity that allows maximizing the total number of active sites per unit volume of the
catalyst. Supported nanoparticle catalysts are especially interesting (and constitute the
majority of industrial catalysts) since they provide large surface area per unit mass,
and therefore such nanocatalysts are more effective. In addition, the smaller the
particle the larger abundance of undercoordinated sites such as edges and corners that
are usually characterized with high reactivity.

1.2 Why study catalysts?
Catalysts are very important in the chemical industry, for energy production and
pollution mitigation. This is due to the fact that uncatalysed reactions can be several
orders of magnitude slower and much more “expensive” than their counterparts due to
amount of energy that is required for the reaction to occur. Moreover, sometimes, it is
simply not feasible to achieve a certain product without a catalyst because of high
activation barriers. Thus, the vast majority of existing chemical products and fuels
involve catalytic processes at some point during their production. Therefore, the need
for understanding, and to either optimize existing catalysts or design new ones, is
tremendous both from an economical and environmental point of view.
A perfect catalyst is active, selective and durable, but reality is that the catalysts are
not always perfect. Moreover, the catalyst has to facilitate the reaction at an
appropriate rate and under acceptable temperature and pressure conditions in order to
be efficient. Lowering the catalyst’s working temperature and pressure, as well as the
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amount of reaction by-products, is a goal largely sought after. If achieved, it can
decrease the production costs, energy consumption, the amount of “waste” produced
during a catalytic process, and the amount of material that is consumed by the
reaction. The latter is significant since industrial catalysts in many cases can involve
expensive and scarce materials such as Pd (palladium), platinum (Pt) or rhodium (Rh).
Therefore designing new more efficient and/or cheap(er) catalysts is highly relevant.
In order to reach these incentives it is important to understand how the catalyst works:
what are the active sites (not all the atoms/regions of the catalyst are involved in a real
catalytic process), their structure and properties, and how they interact with all the
reaction participants (reactants, intermediates and products). In addition, for
nanoparticle catalysts a lot of research effort is put into understanding what are the
optimal size, composition, shape, and surface structure of the nanoparticle to achieve
the goal of catalysis by design.10

1.3 Challenges in catalyst characterization
Catalysts and catalytic processes are very complicated systems: a catalytic reaction can
involve multiple steps and is highly dependent on the surrounding environment
(temperature, pressure, reactants), the structure and chemistry of the support material
and the catalyst itself. Studying a catalyst is thus a real challenge: the scientist is
always facing a dilemma of how much information about the catalyst one can obtain
with a certain technique and how relevant this information can be with respect to a real
catalytic process. For example, to simplify the investigation of the catalyst one can use
well-defined model systems such as supported nanoparticles (e.g. fabricated arrays of
nanoparticles) or single crystals, and study them under well-defined ultrahigh vacuum
(UHV) conditions. With the help of powerful surface science techniques this approach
has given a lot of valuable insight into catalytic processes, especially for fundamental
science. However, there are two major problems with such an approach: 1) a catalytic
reaction proceeds very differently under UHV conditions compared to the real reaction
conditions that involve high pressures; this is referred to as the “pressure gap”.
And 2) the reactivity is very different for a simplified structure compared to an
industrial “real” catalyst; this is referred to as the “material” or “structure gap”.
Consequently, it is not straightforward to relate information obtained in idealized
experiments to the catalytic processes happening under realistic reaction conditions in
chemical industry. Therefore, the development of characterization techniques to
investigate catalysts and catalytic processes in situ (while the reaction is happening) is
very relevant and, at the same time, a challenging task. In situ studies enable
identification and understanding of important steps such as formation of reaction
intermediates and nature of the active sites, as well as of the important stages in
catalyst lifetime, e.g. activation/deactivation. Requirements applicable to the ideal in
situ technique for studies of catalytic processes are highly demanding: it should be
very sensitive, have very high spatial (below nanometers) and temporal (down to
milliseconds and ideally even less) resolution and allow monitoring simultaneously
both properties of the active site (structure, composition, activity) and the reaction
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intermediates. At present, there is no existing technique that meets all of the above
requirements, and instead it is necessary to combine several different approaches in
order to get a more complete picture. A variety of techniques today allow investigation
of either morphological properties of the catalyst (e.g. electron probes (scanning
electron microscopy (SEM), transmission electron microscopy (TEM)) and scanning
probes ((atomic force microscopy (AFM), scanning tunneling microscopy (STM), Xrays (X-ray diffraction (XRD))) or surface chemistry associated with catalytic process
and reaction mechanism (infrared spectroscopy (IRS), Raman spectroscopy, neutron
scattering (NS), X-ray absorption spectroscopy (XAS) and deviations like Extended
X-ray Absorption Fine Structure (EXAFS) or X-ray Absorption Near-Edge Structure
(XANES), electron paramagnetic resonance (EPR), ultraviolet-visible spectroscopy
(UV-vis), etc.). The tradeoff between these techniques is that the ones, which offer
spatial resolution to resolve morphological properties of a catalyst down to nm scale,
do not have sufficient temporal resolution for studies of the fast catalytic events and
kinetics of the processes. Therefore, it is also useful to employ theoretical studies and
modeling (e.g. density functional theory (DFT), Monte Carlo (MC) simulations,
molecular dynamics (MD)), to conceptually understand and/or predict the properties of
the catalyst and the reaction steps.11
Another difficulty in exploring nanocatalysts is that traditional studies aim at the
ensembles of nanoparticles that can be very inhomogeneous in terms of size, shape
and structure of the individual catalyst nanoparticles. Keeping in mind the sheer
complexity of a heterogeneous catalyst, such ensemble-averaged measurements may
mask details and the true mechanism of the processes involved, i.e. how these relate to
details in catalyst nanoparticle size, shape and composition. This may complicate
identification of advantageous structural and/or compositional properties that an
optimal catalyst should have. Therefore, single particle studies of catalytic reactions
performed in situ and in real time are of crucial importance in catalysis development.

1.4 Techniques for single catalyst nanoparticle
characterization
In the last decade, several experimental approaches have become available that allow
monitoring catalytic events on a single nanoparticle. These techniques include
electrochemical methods (e.g. electrochemical scanning probe microscopy12,
electrochemical measurements with ultramicroelectrode13 or electrocatalytic current
amplification via single-nanoparticle collisions14), single-molecule fluorescence
microscopy15 and surface-enhanced Raman spectroscopy16. These methods detect the
amount of reactants consumed or products generated in a catalytic reaction by a single
nanoparticle. The detection scheme is based on the fact that reactants and products in a
catalytic reaction can affect, for example, the current in electrochemical measurements
(proportional to the rate of reactant consumption or product generation); in case of
fluorogenic reactions, reactants can be transformed into a fluorescent product; or
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reactants can have distinct vibrational features suitable for detection with Raman
spectroscopy.
Other methods, instead, focus on the changes of the catalyst particle itself in their
detection scheme. For example, alterations in the oxidation state or coordination
environment of the atoms can be monitored by X-ray microscopy17. Chemical or
physical properties of a catalyst and its surroundings can change due to consumption
of reactant molecules and product generation on the catalyst surface. This can be
monitored by surface plasmon resonance spectroscopy, which is based on the
phenomenon of LSPR. Briefly, LSPR is a coherent oscillation of conduction electrons
in metal nanoparticles. The LSPR frequency of such a particle depends on its size,
shape, material and surrounding environment. For nanoparticles of Au and Ag, which
are common plasmonic materials due to their favourable optical properties, the LSPR
wavelength is in the ultraviolet-visible-near-infrared (UV-vis-NIR) regime. In this
regime, the scattering spectra of individual plasmonic nanoparticle can be measured
with dark-field scattering spectroscopy. In general terms, the LSPR sensing approach
is to detect changes in LSPR frequency (e.g. wavelength shifts) of the sensor particle
caused by the alterations of the sensor particle itself or in the surrounding environment
of the sensor (direct18 and indirect19 sensing). In this thesis, nanoplasmonic sensing
was the main characterization tool used and further developed, and therefore it is
discussed in more detail in Chapter 2, which gives a basic introduction to the
phenomenon of LSPR. 20,21
Another important technique for single nanocatalyst characterization that should be
mentioned here is environmental TEM (ETEM), which is capable of in situ studies of
chemical processes at gas–solid interface with atomic scale resolution.22-24 It should be
noted however, that most of the time, the information obtained with ETEM is at gas
pressures of few millibars, and not at ambient pressure, which is more relevant for
technological applications. Nevertheless, there are possibilities to bridge the pressure
gap in ETEM by utilizing nanoreactors that allow atomic-resolution ETEM at ambient
pressure and elevated temperature conditions25.

1.5 The scope of this thesis
This thesis is an attempt to develop a non-invasive experimental method for probing
single nanoparticles in a catalytic reaction under ambient conditions (i.e. various
temperatures, atmospheric pressure) using nanoplasmonic sensing. For the purpose of
this thesis, two routes were explored: 1) optimization of plasmonic sensing structure
via surface-based nanofabrication of plasmonic nanoantennas with high sensitivity in
order to be able to probe catalytic events, and 2) the possibility to probe a nanocatalyst
with well-defined sizes and shapes, which were achieved via wet-chemical synthesis
of nanocrystals.
In the first part of this work, a nanofabrication method was developed for making
plasmonic nanoantenna structures, such as nanodisc dimers and trimers, which are
characterized by high field enhancement (advantageous for sensing) in so-called hot
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spots of the antenna (i.e. narrow gaps in the dimer/trimer arrangements). As the key
result, the targeted ability of the fabrication scheme to allow placement of a catalyst
particle of interest (nanocatalyst) in the plasmonic hot spot was realized.
In the second part of this work, the possibility to probe wet-chemically synthesized
single Pd nanocatalyst particles of various sizes (15-70 nm) and shapes (i.e. cubes,
dodecahedra, rods, octahedra) was explored. This was made possible by linking the
plasmonic antenna nanoparticle to the catalyst particle by means of electrostatic selfassembly in solution with subsequent deposition of the assembled dimers onto a
surface. These nanoparticle arrangements were then characterized with SEM, before
their behavior upon exposure to hydrogen and during hydride formation was
investigated as a function of their size and shape (see Chapter 3 for more details).
Hydrogen absorption in/on Pd was chosen as the (model) reaction for this work due to
several reasons. First, it should be noted that the hydrogen storage in Pd is not a “true”
catalytic process, however, it is a first step towards the long-term goal that motivates
this work, i.e. exploration of “real” catalytic processes. From experimental point of
view, hydrogen absorption in Pd occurs at “convenient” conditions, i.e. around room
temperature and at pressures below 1 bar. In addition, the hydride formation in Pd is
completely reversible, and the kinetics of the process are reasonably fast even at room
temperature, since there are no or very low kinetic barriers for hydrogen (H2) sorption
and diffusion in Pd. Finally, even though the bulk Pd-hydrogen system is very well
studied, there are still open questions about the physics of hydride absorption in
nanoscale Pd systems. Specifically, detailed studies of the role of Pd nanoparticle size
and shape on the thermodynamics and kinetics of the hydride formation process have
started to emerge only very recently and require further attention26,27. For example,
since most of the work so far has been done on ensembles of Pd nanoparticles, it is
still unclear if some of the observed effects stem from the intrinsic size/shape
properties or due to inherent inhomogeneity of the ensemble particles. One such
example is the characteristic slope of the two-phase coexistence plateau that emerges
upon nanosizing of the Pd. Single particle studies are therefore crucial in resolving
such issues. At a more general level, deeper understanding of the physics behind these
nanoscale size and shape effects can facilitate the development of more efficient
hydrogen storage systems and catalyst materials.
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When light interacts with metal particles with a size, a, smaller than the wavelength of
light, λ, it invokes resonant collective oscillations of free electrons in the particle - the
localized surface plasmon resonance (LSPR). This happens since light can penetrate
the whole particle due to its small size and thus “grasp” all of its conduction electrons.
LSPR is established when the frequency of the incoming light wave matches the
resonance frequency of the electrons oscillating against the restoring force of the
positive atomic cores of the metal particle. This electron cloud displacement causes the
formation of a dynamic dipole (Figure 1), which leads to the enhancement of the
electromagnetic field around the particle with respect to the incoming field and
constitutes a spatially confined sensing volume around the particle28. The LSPR
frequency is known to be dependent on particle parameters such as size, shape and
material, as well as on the dielectric properties of the surrounding environment of the
particle. By monitoring the LSPR wavelength of the plasmonic particle it is thus
possible to detect changes of the particle itself and of its surroundings, which is the
basis of plasmonic sensing. At the LSPR frequency the particle efficiently absorbs and
scatters light. In the next paragraph these terms are briefly described with regard to the
metal nanoparticle. This is followed by a short discussion of the role of particle size,
shape and material in nanoplasmonics.

Electromagnetic field

Metal sphere

Electron cloud
Figure 1. Schematic representation of a metal nanosphere during LSPR excitation by
an external alternating electromagnetic field at two different times.
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2.1 Extinction, scattering and absorption of light in
metal nanoparticles
Propagation of light through a disperse medium can be described in terms of two
mechanisms: absorption, when light is absorbed into the matter, and scattering, when
light is forced to deviate from a straight trajectory due to the non-uniformity of the
medium. These mechanisms can be expressed through respective cross-sections that
are defined as the effective area, which governs the probability of either a scattering or
an absorption event. The total sum of these two gives rise to the so-called extinction
cross-section that describes the area of total flux scattered and absorbed by the object.
Spherical particles are simple structures that support plasmon resonances. German
physicist Gustav Mie in 1908 presented29 an exact solution of Maxwell’s equations for
an incoming plane wave interacting with a spherical particle of arbitrary size and
composition, using which, one can obtain expressions for the extinction and scattering
cross-sections of such a particle. When the particle is smaller than the wavelength of
light, i.e. a<<λ, one can make the so-called quasistatic approximation for solving
Maxwell’s equations. It makes the assumption that so-called retardation effects can be
ignored, which means that variations of the phase of the external field across the
particle can be assumed negligible, so that the incident plane wave can be
approximated by a constant field. The quasistatic approximation thus allows
simplifying the full Mie expansion of Maxwell’s equations. Such a basic model is
useful for understanding how the material in and around the particle influences the
LSPR. For a spherical nanoparticle in the quasi-static limit, the aforementioned crosssections can be described by the following expressions:30
𝜎𝜎 =

8𝜋𝜋   𝜀𝜀 − 𝜀𝜀 
𝑘𝑘 ∙ 𝑎𝑎 (
)
𝜀𝜀 + 2𝜀𝜀
3

𝜎𝜎 = 4𝜋𝜋𝜋𝜋𝑎𝑎  ∙ 𝐼𝐼𝐼𝐼  (

𝜀𝜀 − 𝜀𝜀
)
𝜀𝜀 + 2𝜀𝜀

(2.1)
(2.2)

𝜎𝜎 = 𝜎𝜎 − 𝜎𝜎

(2.3)

𝜀𝜀 + 2𝜀𝜀 = 0

(2.4)

where k is the wave number (k=2π/λ), a is the radius of the particle, εd is the dielectric
function of the surrounding medium, and εm is the dielectric function of the metallic
nanoparticle. As can be seen from Eq. 2.1-2.3, extinction scales as the particle volume
(a3) and scattering scales as the particle volume squared (a6). It is also apparent that
the scattering and absorption of the particle are influenced by the dielectric functions
of both the particle itself and its surrounding medium. As follows from Eq. 2.1-2.3, the
maximum in scattering and extinction cross-sections should happen at the condition:

which is the resonance condition for the LSPR.
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If now one considers a dielectric function of a metal as predicted by the Drude model
(which, in brief, uses the simplest approximation to describe the optical properties of
metals by assuming that all conduction electrons are “free” like atoms in a gas):
𝜀𝜀 = 1 −

𝜔𝜔
𝜔𝜔  + 𝑖𝑖𝑖𝑖𝑖𝑖

(2.5)

where ωp is the plasma frequency of a metal, i.e. the frequency below which the
reflectivity of any metal is equal to unity for frequencies of the external perturbation.
Then combining the last two equations (Eq. 2.4 and 2.5) gives an expression for the
LSPR frequency:
𝜔𝜔 =

𝜔𝜔

2𝜀𝜀 + 1

(2.6)

Eq. 2.6 can be re-written in terms of the wavelength:
𝜆𝜆 = 𝜆𝜆 2𝜀𝜀 + 1

(2.7)

where λp is the wavelength corresponding to the bulk plasma frequency of the metal.
From the latter expression it is clear that the wavelength position of the LSPR will
depend on dielectric function of the particle surroundings, as well as on changes of the
plasma frequency (or, in other words, electron density) of the particle. This is the
fundamental effect exploited by nanoplasmonic sensing.

2.2 Dependence of LSPR on shape, size and material of
the nanoparticle
2.2.1

Shape

The scattering, absorption and extinction cross-sections of particles that have high
spherical symmetry like spheres and ellipsoids can be calculated with high precision
using Mie theory. However, different particle shapes other than a sphere can be
efficiently used to further tune the LSPR over a wide wavelength range. Nowadays,
with advances of nanotechnology, it is possible to prepare nanoparticles of a variety of
different shapes and sizes and their optical properties have to be calculated using
different theoretical tools. Theoretical modeling of nanoparticles with arbitrary shapes
and sizes provides better understanding and improvement of current LSPR sensing
schemes (as well as other incentives of nanophotonics). There are several techniques
available that allow calculation of different particle shapes and sizes, among which we
find: discrete dipole approximation (DDA), finite difference time domain (FDTD)
method, T-matrix method, the multiple multipole method, and the modified long
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wavelength approximation (MLWA). Utilization of different calculation schemes
yields different predictions for the nanostructure resonance. 31,32
The DDA method has been basis of many papers that analyze various particle shapes
and their advantages for LSPR sensing. For example, Jain et al.33 calculated optical
properties of Au nanoparticles in the form of nanospheres, nanorods and nanoshells for
the purpose of applications in biological imaging and biomedicine. In another paper by
Hao et al.34 the shape effect in Ag nanoparticles is considered on examples of a
triangular prism, a rod and an oblate spheroid. Other simulation approaches mentioned
above have been utilized for studying nanostars35, nanorice36, nanoeggs37 and
nanocups38, to name a few.
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Figure 2. Schematic representation of plasmonic hot spots for different nanoparticle
shapes in terms of electric field enhancement: (a) and (b) triangular prism with
polarisation of the exciting field along two different symmetry axes; (c) and (d) rod
and prolate spheroid with polarisation of the exciting field along their long axes; (e)
nanoshell and nanoegg. Pictures are redrawn from Hao et al.34 and Wu et al.37
One important conclusion from such studies in the quest of ideal particle shape for
LSPR sensing is that there exist so-called hot spots in plasmonic nanostructures. These
hot spots are the regions on the nanostructure surface or in its vicinity, where there is
the largest (for each individual shape) enhancement of the electromagnetic field.
Generally, strong field focusing behavior is observed at the sharp edges or tips of the
nanostructures, and field enhancement tends to increase with prolate shapes. In
addition, when the particle has irregular shape (other than sphere), in order to obtain
the highest enhancement of the electromagnetic field, it becomes important to excite
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LSPR with the appropriate polarization of light. Figure 2 schematically shows the
polarization-dependent electromagnetic field enhancement around different
nanostructures. Note that the magnitude of this enhancement can be very different for
each case, because it strongly depends on the size and material of the nanostructure,
and its distribution is only depicted schematically. Figure 2 thus only serves to
illustrate the notion of the concept of a plasmonic hot spot.

2.2.2

Size

If the condition a«λ is no longer valid (i.e. the particle is comparable to the wavelength
of light), retardation effects arise: 1) the field outside the whole particle becomes
inhomogeneous; 2) it takes finite time for the plasmonic dipole field to travel through
the particle and thus it is not homogenous inside. As a consequence, there is a phase
shift between exciting field and dipolar field. In addition, due to field inhomogeneity
and since any external field can be expanded in multipoles, the plasmon excitation can
have higher order modes other than dipolar ones (i.e. quadrupolar, octopolar, etc.), and
as the particle size increases these modes become more significant (as well as with
asymmetric particle shapes).
Another effect caused by increasing particle size is an increase of radiation damping
that is caused by energy loss of the radiating dipole via photon emission (light
scattering) in the particle39. The size of the nanoparticle is proportional to the square of
the dipole moment, which in turn is proportional to the dipole radiative strength, thus
the radiative plasmon decay channel starts dominating with increasing particle size.
All these effects accompanying an increase in particle size typically result in a shift of
the LSPR, and thus of the corresponding spectra, to longer wavelengths, and in
spectral broadening of the LSPR peak.
In the case of small spherical particles, as follows from Eq. 2.6, the size doesn’t play a
role in determining the spectral position of LSPR, since there is no geometric factor
involved (however, this is not completely true for very small particles (<10 nm),
where the dielectric function of the metal becomes size dependent and surface
scattering effects may become appreciable). The volume only determines the
magnitude of the scattering and absorption cross-sections. As can be seen from Eq.
2.1-2.3, the scattering has a square dependence on the volume, while extinction is only
linearly volume-dependent. Therefore, as the particle gets smaller, it is harder to see
scattered light from it because with decreasing particle size more and more light gets
absorbed.40

2.2.3

Material

Traditional plasmonic materials are the noble metals Au and Ag. This is due to the fact
that they have strong and spectrally relatively narrow plasmon resonances at optical
frequencies. This can be partly explained by the high electron density of these metals:
the more electrons involved in a plasmon oscillation, the higher is the resonance
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frequency. Another reason is that, at visible frequencies, the losses in Au and Ag are
relatively low compared to other metals (e.g. copper (Cu), Pd, Pt).
The features such as electron density and intrinsic losses are determined by the
electronic band structure of the material, which describes the range of energy (i.e.
energy bands) that an electron can have within a solid. At zero temperature all low
energy states up to a certain energy level, i.e. the Fermi energy, will be filled with
electrons, and the states above this level will be empty. In contrast to Au and Ag,
where the energy bands with the highest density of states (d-bands) are located below
the Fermi energy, metals like Pd and Pt have their d-bands situated such that they
cross the Fermi level. This increases the possibility for interband excitations over the
whole UV-vis-NIR spectrum range. The latter leads to stronger damping of plasmon
resonance via interband electron-hole pair formation (i.e. absorption)41. This is the
main reason for the strong damping and low scattering (radiative decay) observed for
LSPR in Pd and Pt nanoparticles, even for large particle sizes. More on band theory
can be found in literature by authors such as e.g. Kittel42. In summary, Ag is the best
material in terms of the “quality” of its LSPR owing to its intrinsically low losses. Au
is not quite as efficient but at the same time more chemically inert and therefore more
favourable for applications. This is illustrated in Figure 3, which shows what happens
with an unprotected Ag nanoparticle after few weeks in air.

b

a

Figure 3. The SEM images of the synthesized Ag nanosphere with three Pd nanocubes
around it: (a) as synthesized and deposited on the substrate; (b) after 3 weeks that the
sample spent in the storage box. After some time in air the Ag particle becomes
oxidized and its appearance drastically changes. The scale bar in the SEM images is
100 nm.
Finally, it is also worth mentioning that not only metals can support LSPR but (at
infrared frequencies) also metal oxides (e.g. indium tin oxide)43, and semiconductors
(e.g. copper sulfide44, copper selenide45) with appreciable free electron densities, as
well as graphene.46,47 Semiconductors are especially interesting for nanoplasmonics
since their free electron concentrations can be tuned by doping, temperature and/or
phase transitions. For example, heavily hydrogen doped semiconductors such as zinc
oxide and titania (TiO2) are proposed48 for creating highly efficient noble-metal-free
plasmonic photocatalyst systems. As for graphene, it has already been shown to
possess unique mechanical, electric, magnetic and thermal properties,49 and in addition
it also has remarkable optical properties.50 Graphene can support surface plasmons,
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and furthermore its optical properties can be modified by gating, by doping, by
chemical means and through functionalization with conventional noble metals.

2.3 LSPR in dimers
Up to date, a large number of theoretical and experimental studies34,51-59 have
established the knowledge that there is strong coupling between two plasmonic
nanostructures if they are placed in close vicinity. Qualitative interpretation of this
phenomenon can be given based on the simple dipole-dipole interaction model.52 The
electromagnetic field applied to a single plasmonic nanoparticle creates surface
charges that feel a repulsive force (Figure 4a). This matches the resonance condition of
the plasmonic excitation. However, when there are two nanoparticles in close
proximity to each other, depending on polarization, additional forces act on the
particle pair, as sketched in Figure 4. If the polarization of the electric field is parallel
to the long axis of the particle pair, the positive charge of the left particle faces the
corresponding negative charge of the right particle (Figure 4b). Such charge
distribution of two adjacent particles creates attractive forces between them, whereas
the repulsive forces within each particle become weaker. This leads to a lower
resonance frequency of the coupled system. Contrary, in case of perpendicular electric
field polarization, the charge distribution of two particles cooperatively enhances the
repulsive force between them (Figure 4c), which leads to an increase in resonance
frequency.
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Figure 4. Schematic illustration of electromagnetic interaction in (a) an isolated
particle, (b) a pair of particles with electric field polarization parallel to their long
axis and (c) perpendicular to their long axis (no strong hot spot in the dimer occurs).
Pictures are redrawn from Rechberger et al.52
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Figure 5. Polarization dependent absorbance spectra of Au nanodisc dimers prepared
on glass substrate by HCL, and corresponding environmental SEM images. As the
dimer gap increases, the difference in excitation of light with parallel and
perpendicular polarization along the dimer axis becomes negligible.
The strongest field enhancement in the coupled particle (dimer) system occurs in the
gap between the particles, the so-called hot spot. This small area of intense local field
is advantageous for LSPR sensing, since it provides strong coupling to anything
trapped in the gap, and which will influence the resonance of the coupled system. The
magnitude of the field enhancement in the gap of a dimer can be several times higher
than the one in/around a single plasmonic particle.34,60,61 For example, the square of
electric field between two closely spaced spheres or triangles is theoretically estimated
to be at least a factor of 10 larger than that around respective monomers34. The field
enhancement in the gap is a strong function of the gap distance (as illustrated in Figure
5, where absorbance spectra of nanodisc dimers were measured using different
polarizations of light), and it scales with particle size, i.e. larger particles can give the
same enhancements for larger gap sizes. It has also been shown that the plasmon
wavelength shift decays nearly exponentially with increasing inter-particle gap, and
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that the decay length is universally independent of the nanoparticle size, shape, the
metal type, or the surrounding medium.62,63 As for the absolute field enhancement in
the dimer gap, as well as absolute plasmon coupling strength, similar to the case of
isolated particles, they will depend on the shape, size and material of dimer particles.
Several particle pair geometries (other than pairs of nanospheres) have been calculated
theoretically: pairs of ellipsoidal nanoparticles (spheroids, rods and cylinders)55 and
triangular prisms facing each other tip-to-tip and tip-to-side34; or studied
experimentally (e.g. pairs of nanoshells64). Nevertheless, often the choice of the dimer
particle shape is determined by the availability of a suitable fabrication method.

2.4 Single nanoparticle plasmonics
There are several experimental approaches that allow excitation of LSPR in single
nanoparticles, and at the same time are capable of probing such an event. These
approaches can be divided as far-field (particle is observed from much larger distance
than the wavelength of light) and near-field (particle is probed in almost direct
proximity to it by a sharp tip or electron beam). The probed phenomenon in the first
approach can constitute scattering (dark field microscopy), absorption (photothermal
imaging65 (PHI)) and extinction (spatial modulation spectroscopy66 (SMS)) of the
particle or electromagnetic field enhancement around it (surface-enhanced
spectroscopy, e.g. surface-enhanced Raman spectroscopy67 (SERS) or second
harmonic generation68 (SHG) spectroscopy). Consequently, with the second approach,
the probed phenomenon would be near-field optical transmission or scattering
(scanning near field optical microscope69 (SNOM)), photon-induced field-enhanced
electron emission (photoelectron emission microscopy70 (PEEM), scanning
photoionization microscopy71 (SPIM)), electron-induced field-enhanced photon
emission (cathodoluminescence72) or energy loss in a transmitted electron beam due to
plasmon excitation (electron energy loss spectroscopy73 (EELS)).74
Far-field approaches are intrinsically diffraction-limited, however their simplicity and
robustness still allow investigating distinguished features of plasmonic nanoparticles
such as scattering or absorption. Light scattering by the plasmon particle can be very
useful in single particle studies for investigation of materials that have poor scattering
properties themselves due to their electronic structure (e.g. catalytic materials such as
Pd or Pt as discussed above) or due to their small size, which also lowers scattering
efficiency. This is since the intensity of light scattered by a particle is proportional to
the square of the particle volume. These limitations can be overcome by employing the
plasmonic particle as an indirect probe by placing it in close proximity to the particle
of interest, which itself has weak scattering properties. In this way the plasmonic
particle can serve as antenna unit that is sensitive to whatever is happening in its
surrounding environment (i.e. sensing volume)75,76 (Figure 6). Therefore, the problem
of low scattering efficiency of the particle of interest is eliminated. In this thesis dark
field scattering spectroscopy was used as one of the main characterization techniques
and is described in detail in Chapter 6.
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Figure 6. Illustration of the sensing volume of a plasmonic sphere (a) and a pair of
spheres (b). By placing a particle of interest (grey) in the hot spot of the plasmonic
antenna it is possible to probe the events in/on the particle with the help of the
enhanced electromagnetic fields around the antenna.
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In this thesis, the fascinating ability of Pd to absorb large amounts of atomic hydrogen
is used as a model reaction system. Specifically, Pd nanoparticles are utilized to study
the sensing properties of different plasmonic nanoantenna structures, and they are
subject of investigation whether their size and shape influence the thermodynamic and
kinetic properties of hydride formation. This chapter is dedicated to the discussion of
some details in metal-hydrogen interactions that are necessary for understanding this
work.
When a metal is exposed to hydrogen atmosphere, the hydrogen molecules may adsorb
onto the metal surface and dissociate into atoms. On many metals this is an activated
process that does not occur spontaneously at ambient conditions, however Pd
demonstrates a high (non-activated) catalytic activity for hydrogen adsorption and
dissociation on its surface. After dissociation, the hydrogen atoms start to diffuse into
the metal lattice. At low hydrogen gas pressures a solid solution of hydrogen in the
host lattice (called the α-phase) is formed. In the α-phase, since the amount of
hydrogen is rather low and thus the distance between hydrogen atoms is large,
(attractive) hydrogen-hydrogen interactions inside the lattice are very weak.
Nevertheless, as the metal absorbs more and more hydrogen, it will locally strain the
lattice of the host. As the hydrogen pressure/concentration is increased further, the
amount of hydrogen in the metal will increase and eventually hydrogen-hydrogen
interactions (resulting from the lattice strain as well as electronic interactions) become
appreciable, and the formation of regions of the hydride (β-phase) starts. At this stage
the α-phase and β-phase coexist in equilibrium and an incremental increase in the
hydrogen concentration around the metal will only result in the growth of the β-phase
regions at the expense of the α-phase. Eventually, with continued increase in external
hydrogen pressure, the entire metal will be transformed into the β-phase, where the
hydride formation is complete, and any further increase in hydrogen pressure will only
result in minor changes in the hydrogen content in the hydride. 77
A common way to study such hydrogen sorption processes is to map (at constant
temperature) the hydrogen content in the metal versus the increasing applied hydrogen
pressure; thus, a so-called pressure-composition isotherm is obtained (Figure 7a). The
isotherm exhibits a clear “plateau” at the pressure where the α- and β-phase coexist,
i.e. at the hydride formation pressure. As the temperature is increased, the pressure at
which the hydride formation takes place also increases. In this way, by measuring
isotherms at several temperatures, the phase diagram of the metal-hydrogen system
can be mapped out (the phase boundaries are located on the low and high
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concentration sides of the equilibrium plateau, respectively, up to the critical point).
From such isotherm measurements, one can obtain useful information about the
process, such as change in enthalpy (ΔH) and entropy (ΔS) during the hydride
formation/decomposition. The temperature (T) dependence of the plateau pressure is
described by the Van’t Hoff equation78:
𝑙𝑙𝑙𝑙

𝑃𝑃
−∆𝐻𝐻 ∆𝑆𝑆
=
+
𝑃𝑃
𝑅𝑅𝑅𝑅
𝑅𝑅

(3.1)

where P is the plateau pressure, P0 is the atmospheric pressure and R is the gas
constant. ΔH and ΔS can be found by constructing a Van’t Hoff plot (Figure 7b), i.e.
plotting ln(P/P0) versus 1/T, which yields a straight line. Then, ΔH corresponds to the
slope, and ΔS to the intersection with the pressure axis, respectively.
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Figure 7. (a) Sketch of a typical pressure-composition isotherm measured at different
temperatures, which allows mapping the phase diagram of the hydride
formation/decomposition. The hydride formation is reversible, however the plateau
pressure of hydride decomposition often occurs at lower pressure resulting in
hysteresis. (b) Van’t Hoff analysis, where the equilibrium plateau pressures are
plotted against the inverse temperature. The Van’t Hoff plot allows obtaining
information about the ΔH (proportional to the slope of the straight line) and ΔS
(proportional to the intersect with the pressure axis) of hydride
formation/decomposition.
If one reverses the process and decreases the hydrogen pressure around the hydride,
the decomposition process will take place in a similar way to the formation described
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above, and exhibit a plateau where β-phase and α-phase are in thermodynamic
equilibrium as the hydride is decomposed. However, the hydride decomposition will in
most cases not occur at the same pressure as the formation, but rather at a lower
pressure. This hysteresis (Figure 7a) is also the result of the lattice strain induced by
the presence of hydrogen in the metal lattice. Such strain creates an energy barrier that
needs to be surmounted in order for the hydride to form or decompose.79 One way to
engineer the extent of the hysteresis is typically to alloy the host metal with a second
element, as for example in Pd-Au, Pd-Ag, and Pd-Ni alloys.80-82

3.1 Nanoplasmonic
hydrides

hydrogen

sensing

using

metal

Since the first report (more than 100 years ago83) that Pd can absorb hydrogen, it
remains one of the most well studied materials regarding hydrogen uptake/release
thermodynamics and kinetics, which is motivated both from the fundamental and
applications point of view (e.g. hydrogen storage18). As for any metal, the dielectric
properties of Pd are sensitive to the concentration of absorbed hydrogen, and the bulk
Pd-H system has a well known phase diagram, electronic structure, and related optical
properties for both metal and hydride phases.77 Another reason for Pd being an
attractive model system is the fact that hydride formation in Pd occurs at convenient
experimental conditions such as pressures below 1 bar at temperatures around room
temperature.
Recently, the interest in studying the Pd-H thermodynamics and kinetics by means of
nanoplasmonic sensing has advanced from conventional thin films and arrays of Pd
nanostructures to the single particle level, in order to be able to investigate minute
length scale effects on the storage properties. However, the investigation of a small Pd
nanoparticle on its own is complicated by its low scattering efficiency, and by large
intrinsic damping that broadens its resonance profile41 and prohibits the use of darkfield scattering spectroscopy otherwise typically used for single particle experiments.
These issues may be overcome by the concept of the plasmonic nanoantenna, which
can significantly enhance nanoscale optical effects. The principle is that the antenna
unit should be able to detect changes experienced by the nanoparticle of interest. In
case of H2 absorption in a Pd nanoparticle, there are two pronounced effects, namely,
alterations in both structural (lattice expansion) and electronic properties (change in
dielectric function) of the nanoparticle.61 These changes can be detected through the
coupling between the plasmonic antenna and the hydrogen-absorbing particle. First
attempts on single particle sensing of the hydrogenation process by means of
nanoplasmonics have been shown by Liu et al.75 and Shegai et al.76 Both studies were
aimed at lithographically fabricated single Au-Pd heterodimer arrangements such as
Au triangle – Pd disc and Au cone with Pd or magnesium (Mg) particle on top,
respectively. Although the two approaches demonstrated powerful constructions of
well-organized nanostructures at surfaces, their main drawback is that the obtained
nanoparticles are polycrystalline and that their surfaces/shapes are rather ill defined.
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For a better understanding of the role of particle specific features in the hydride
formation/decomposition process, it is therefore useful to employ wet-chemical
synthesis of (single-crystalline) nanocrystals84 that allows fine tuning of the size, shape
and crystal facets of the particle of interest. First steps in this direction were shown
recently in the studies of ensembles85 and single27 Pd nanocubes, where the authors
directly probe them using a luminescence technique in the first case, and electron
energy-loss spectroscopy in environmental TEM in the second case. Both studies raise
interesting questions regarding the influence of nanocube size on the hydride
formation phase transition, however in an unusually large particle size regime, i.e.
cube sizes between 14-110 nm and 13-29 nm in the respective studies.
Strong size effects are typically expected and have also been experimentally observed
for Pd nanoparticles smaller than 10 nm. At these length scales one of the key factors
resulting in the dependence of the thermodynamics on the particle size is surface
tension, which gives rise to a decrease of the H binding energy via compression of the
Pd lattice as nanoparticle size decreases86. Moreover, for such small nanoparticles the
fraction of atoms that reside on corners or edges is significant. These atoms are more
loosely bound and therefore characterized with the higher reactivity toward
hydrogen.87 The effects of decreasing Pd nanoparticle size on hydrogen storage
properties have been studied for sizes that range from 1.8 nm to 8 nm. Various effects
were observed including: a decrease in width of the plateau88-90, increased slope of the
plateau88, decreased hysteresis91 and faster kinetics92. Importantly I may note here,
however, that all these studies were done for ensembles of nanoparticles.

20

Nanofabrication is the process of making functional structures with at least one
dimension that has the size of 100 nm or less. Ever since it has evolved from
microfabrication, a large number of different nanofabrication methods have been
developed. Generally, one can distinguish two fabrication approaches known as “topdown”, when bulk material is cut, milled and shaped into desired nanostructures with
the help of externally controlled tools; and “bottom-up”, where nanostructures are
built using chemical and physical properties of atoms, molecules or colloidal particles
to self-assemble into useful conformations. These two approaches in turn can be
divided into three major classes in terms of patterning the final structure: pattern
writing, pattern replicating and self-assembly techniques. Each of these classes will be
briefly described below.

4.1 Pattern writing techniques
These techniques allow “writing” of the structures on the surface with high flexibility
in terms of structural shapes and patterns. Charged beams of ions (in focused ion beam
(FIB) lithography) or electrons (in electron beam lithography (EBL)) can be focused
into extremely small volumes to perform structuring of the bulk material either by
exposure of energy-sensitive polymer resists or by removing material directly. The
current resolution limit of these two methods is of the order of 5-30 nm. In scanning
probe-based lithographies (SPL), which include several techniques (e.g. lithographies
based on STM, AFM, spin-polarized STM and dip pen nanolithography (DPN)), the
microscopic or nanoscopic stylus moves mechanically across the surface to form
structures with sizes less than 5-10 nm. In some cases with SPL it is possible to
manipulate individual atoms. The key limitation of these pattern-writing techniques is
a very low throughput, which is accompanied by expensive and complicated
equipment. 93

4.2 Pattern replicating techniques
The uniting feature of these methods is that they all use templates or masks in order to
reproduce predefined micro/nanostructures. In photolithography (PL) the mask is
patterned by photon energy into a layer of photoresist coated on the substrate surface,
which is then developed to form planar structures. Nano imprint lithography (NIL) is a
method where nanopatterns are created using mechanical deformation of imprint resist
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(typically, nanoimprinting polymers can be cured by heat or UV light) and subsequent
processes that remove excess material (e.g. demolding or etching). In ion projection
lithography (IPL) and electron projection lithography (EPL), a broad ion (hydrogen or
helium) beam or electron beam is projected through a stencil mask to expose the resist
material. As opposed to pattern writing techniques, these methods are characterized
with high throughput of structured surface. Their resolution limits are quite reasonable
and steadily pushed forward (currently, well below 100 nm). However, these methods
have low flexibility if tuning of the structure parameters is required, because every
new configuration has to be done with a new mask or template. For example in IPL,
the masks are also difficult to make, to inspect and to repair. 93

4.3 Self-assembly techniques
The previously described two methods are top-down methods, and the available
fabrication tools always limit their resolution. On the other hand, self-assembly
techniques employ nature’s own ability to produce extremely complex living
organisms “from scratch” by self-organization and self-construction. The aim of these
techniques is first of all to achieve nanostructures in true nanoscale (molecule level)
and secondly (and as important as first) at low cost. According to a classification made
by Zhirnov et al94:
- chemical self-assembly covers molecular-scale ordering of compounds with precisely
designed atomic architectures into more macroscopic structures;
- physical self-assembly concerns the ordering of atoms resulting from physical
deposition processes such as molecular beam epitaxy (MBE) or chemical vapor
deposition (CVD);
- colloidal self-assembly refers to the processes by which nanoparticles aggregate into
clusters within tens of nanometer to tens of micrometer range.
In this thesis, two types of nanostructures were studied: the ones nanostructured via
colloidal lithography and the ones made by wet-chemical synthesis. These techniques
will be discussed in the following sections.

4.3.1

Colloidal Lithography

A large part of this thesis was dedicated to the development of nanofabrication
methods that are based on colloidal self-assembly or rather, colloidal lithography (CL)
in order to be able to build dimeric plasmonic nanostructures with a catalyst
nanoparticle in the hot spot. CL uses particles synthesized via wet chemistry (e.g.
emulsion polymerization or sol-gel synthesis). These colloidal particles are
characterized by their ability to form large surface area 2D or 3D arrays with a certain
level of order: from highly ordered closely packed patterns (often referred to as
“colloidal crystals”) to sparse monolayers with short-range order. These particle
patterns can be used for the development of evaporation or etching masks. CL has
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attracted much attention due to its relative processing simplicity, low cost and
impressive flexibility. The resulting patterns can be controlled by simply varying
colloidal particle size, separation and processing conditions. Colloidal particles may be
synthesized with desired chemical or physical properties, in order to functionalize
them for intended purposes. Processing of CL patterns has little need for advanced and
expensive tools. The parallel nature of the self-assembly process also makes it suitable
for patterning large sample areas (~ cm2). The feature size of resulting nanostructures
can be obtained with resolution of few tens of nanometers, as well as several shapes
that are not trivial to produce with EBL can be easily achieved (e.g. cones, hollow
cylinders or rings and crescents). All these factors make CL a versatile and costeffective nanofabrication method. 93-96

4.3.1.1 Hole-mask colloidal lithography
Hole-mask colloidal lithography (HCL) is a CL variation developed by Fredriksson et
al.97 The essential feature of this method is the presence of a sacrificial layer on the
substrate surface prior to deposition of colloidal particles. A thin film layer evaporated
on top of the colloidal particles (which are subsequently removed) has motivated the
name “hole-mask” for this method. The hole-mask is used for evaporation and/or
etching that defines parameters of the final structure, and then it is removed with the
help of the sacrificial layer. HCL allows nanofabrication with a broader range of
materials and material combinations, and a variety of new nanoarchitectures that can
be easily realized (compared to other versions of CL, e.g. nanosphere lithography
(NSL) and sparse colloidal lithography (SCL)). 97,98
The specific HCL fabrication steps utilized in this thesis to prepare nanostructures on a
substrate are briefly summarized below and accompanied with a sketch for each step
(Figure 8):
Step 1: Substrates are cleaned with step-by-step sonication in acetone, isopropyl
alcohol (IPA) and methanol. Step 2: Clean substrates are spin-coated with poly(methyl
methacrylate) (PMMA) and then soft baked on a hotplate. Step 3: The substrate with
the thin PMMA layer is etched shortly in oxygen plasma in order to reduce the
hydrophobicity of the surface. Step 4: Water-suspended positively charged
polyelectrolyte (poly diallyldimethylammonium (PDDA)) is dispersed on the surface.
The substrate is then rinsed with de-ionized water to remove excess of PDDA, and
dried with nitrogen flow. PDDA thus forms a very thin positively charged layer on the
PMMA surface. Step 5: A colloidal suspension of negatively charged polystyrene (PS)
particles is deposited on the surface. Here, the chosen size of the PS particles dictates
the diameter of the hole-mask and, consequently, the final fabricated structures.
Electrostatic repulsion between the PS particles and attraction between PS and the
PDDA-treated surface, respectively, creates an amorphous (no long-range order) PS
nanoparticle array. Step 6: A thin film of a material, which is resistant to reactive
oxygen plasma etching (typically Au or chromium (Cr)), is evaporated to form the
mask layer (10-20 nm thick). Step 7: After mask deposition, the PS particles are
“stripped” away with tape, which leaves nanoholes in the plasma-resistant film layer
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(“hole-mask”). Step 8: Reactive oxygen plasma etching is applied to selectively
remove the exposed PMMA layer below the holes. The etching creates a partial
undercut in the PMMA as clearly seen in the corresponding SEM image in Figure 8f.
The depth of the undercut varies with applied etch time and also depends on the size of
the PS particles used. Step 9: At this stage, the processing route of HCL can take
different directions in order to achieve various nanostructure shapes. For example,
nanodiscs can be obtained by simply depositing material through the hole-mask at
normal incidence (Figure 8a). Nanocones can conveniently be made if the evaporation
is continued until the holes in the mask completely close due to the shrinking of the
hole as material is deposited on the rims of the holes (Figure 8b). Nanodisc dimers are
obtained by evaporation of the material at two opposite angles from the surface normal
(Figure 8c). Note, that due to the hole shrinking when material is deposited on the
edges, in this case, it will result in uneven size distribution of nanodiscs in each pair.
In order to have even size of the discs in each pair, the angle of evaporation has to be
alternated every 5 nm of deposited material.
O2 plasma etching
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Figure 8. Schematic illustration of the generic HCL evaporation mask fabrication
steps 1-8. The possible routes after these initial 8 steps in HCL are to, for example,
either make: (a) nanodiscs, (b) nanocones or (c) nanodisc dimers in step 9. (d) Top
view SEM image of the sample structure before and (e) after tape stripping. (f) SEM
image of the sample cross-section after plasma etching showing the characteristic
under-etching of the PMMA resist layer. The scale bar in all SEM images is 200 nm.

4.3.1.2 Shrinking-hole colloidal lithography
Shrinking-hole colloidal lithography (SHCL) is a new variation of CL that I have
developed and is covered in full detail in the appended Paper I. In brief, SHCL utilizes
the effect of the shrinking hole that arises from deposition of the material through the
holes in the mask prepared by HCL. When material is deposited through the holes in
the mask, it builds up not only on top of the mask but also on the rims of each hole,
thus causing the shrinking of the holes in the mask layer. Three approaches were
developed in order to achieve the shrinking-hole effect and these utilize sacrificial
materials such as C and Cr. These strategies are described below:
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C cone approach
This approach is illustrated on the example of an initial Au nanodisc dimer structure
(prepared by HCL), to the gap of which a catalyst particle (e.g. Pd) is delivered.
Step 10: C is e-beam evaporated at normal incidence through the hole-mask and forms
a cone due to the successive shrinking of the nanoholes of the mask upon C deposition
onto the rims of the hole. The rate and the thickness during C evaporation are carefully
controlled to make sure that the holes in the mask do not close completely in order to
provide enough space for subsequent deposition of the material that will form the
particle to be delivered to the antenna hot spot. Step 11: the particle material (here, Pd)
is deposited directly after C at normal incidence through the small hole that is left from
the previous step. In this way it forms a small particle on top of the sacrificial C cone
structure (Figure 9a). The diameter of the particle is controlled by the thickness of the
evaporated C layer (cone height). Evaporating C and/or particle material at a small
angle from the normal will, additionally, result in a tunable lateral particle position
(Figure 9 e&f vs. g&h). Step 12: the sample is placed in acetone to dissolve the
PMMA layer in a lift-off together with all the excess material on top. Step 13: the
sacrificial C cone is etched away in mild oxygen plasma. The oxygen radicals thereby
attack the C cone uniformly from all directions, such that the particle is delivered into
the gap of the gold dimer as illustrated in the sequence of SEM images in Figure 9a-d.
The C cone approach works well for delivering the particle of interest into the gap of
the nanodisc dimer. The drawback (or equally advantage if an oxide particle is to be
delivered) of this method is that oxygen plasma etching, which is used to remove the
C, also may oxidize the particle or nanoantenna material (for example when Ag is
used).
Cr cone approach
In order to eliminate the above-mentioned issues related to unwanted oxidation, Cr can
be used as an alternative sacrificial nanostructure material in a second version of
SHCL. To illustrate this approach, instead of an Au nanodisc dimer, a single Au
nanodisc is used as the initial nanoantenna structure. Step 10: as shown in Figure 10a,
Cr is deposited at normal incidence instead of C to form the sacrificial cone structure.
In this way the diameter of the hole in the mask, and thus the size of the final
nanoparticle, can again be finely adjusted via the hole-closing effect. Step 11: the
material to form the second particle is deposited at an angle from the normal (to avoid
deposition onto the Cr cone) through the tuned hole-mask to be delivered to the close
vicinity of the antenna disc (Figure 10b). Tuning of the particle evaporation angle will
yield various particle positions relative to the Au nanodisc. Alternatively, if e.g. a
nanodisc dimer is the initial antenna structure, one would deposit the Cr cone at an
angle and then the particle material at normal incidence to deliver the particle to the
dimer hot spot. Step 12: the PMMA layer with excess material on top is removed by
lift-off in acetone. Step 13: the Cr cone is removed by dipping the sample in a liquid
Cr-etch, leaving only the antenna with a particle in the hot spot on the surface
(Figure 10c).
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Deposition of carbon
followed by particle material
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PMMA

Au

O2 plasma

Lift-off in acetone

Step 10-11

Cr

Step 12

carbon
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material

Particles (e.g.Pd)
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Figure 9. Schematic illustration of the first SHCL nanofabrication strategy used here
for placing a small Pd particle in the gap of an Au nanodisc dimer by using a C cone
as the sacrificial particle transfer structure. (a-d) 70° tilted SEM images of a sample
made on a Si wafer substrate after 1, 2, 3 and 4 minutes in oxygen plasma,
respectively. Clearly, the homogeneous removal of the sacrificial C structure by the
oxygen plasma is seen with the consequent “delivery” of the Pd particle in the
antenna gap. (e&f) SEM images of Au nanodisc dimers with different gap sizes and
with a Pd particle in the gap. (g&h) SEM images of Au nanodisc dimers with a gap of
30 nm, and with small Pd particles with two different sizes (21 nm and 10 nm) placed
at different lateral positions and in the gap. The scale bar in all SEM images is
100 nm.
This second SHCL approach, which exploits a sacrificial Cr cone, is very efficient and
straightforward to implement. However, also in this case there are a number of
limitations in the range of materials that can be used for nanoantenna structure and
particle material, dictated by the compatibility with Cr-etch. Moreover, concerns may
arise about possible contamination of the sample (e.g. when catalytic/chemical
processes on the formed particle are of interest) from the wet etch step.
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Deposition of Cr followed
by particle deposition
at an angle

d
Deposition of Cr at large angle
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followed by particle deposition
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followed by Cr-etch
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Step 10-11
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Step 12

Figure 10. Schematic illustrations of the second (Cr-cone, left) and third (Cr-funnel,
right) SHCL nanofabrication strategies used here for placing a Pd nanoparticle next
to an Au nanodisc antenna or in the gap/hot spot of an Au dimer, respectively. (a)
Sacrificial Cr-cone strategy: Cr is deposited at normal incidence to shrink the hole in
the mask and forms a cone on top of the Au antenna. When the desired hole-size has
been reached, the second particle (here Pd) is deposited through the mask at a small
angle from the normal. After lift-off to remove the mask, the sacrificial Cr cone is
removed using a liquid Cr-etch. (b) SEM image of a Cr cone with an Au nanodisc
underneath and a small Pd particle next to it. (c) SEM image of an Au nanodisc and
smaller Pd particle next to it after the Cr-etch step. (d) Sacrificial Cr-funnel strategy:
Cr is deposited at a large angle form the normal with continuous sample rotation to
form a funnel while shrinking the hole in the mask. In this way the Cr is deposited only
onto the mask and onto the walls of the (underetched) PMMA resist layer in the hole,
i.e. no Cr is deposited onto the sample surface. Therefore all the excess material can
be removed directly during the final lift-off and no reactive or wet etch is required. (e)
SEM image of a sample cross-section before lift-off. The sample features Ag nanodisc
dimers with a Pd particle in the gap. (f) Representative SEM image of an Au nanodisc
dimer with a Pd particle in the gap fabricated using the Cr funnel approach. The scale
bar in all SEM images is 100 nm.
Cr funnel approach
As a solution to overcome all the concerns with the previous two approaches, there is a
third option that as the only additional requirement relies on an e-beam evaporation
system, which features sample tilt and rotation simultaneously during deposition. In
this way it is possible to eliminate any etching step by again employing Cr to grow a
sacrificial structure to tune the diameter of the hole in the mask. Now, however, it is
deposited onto the hole-mask at a large angle and with continuous rotation of the
sample. In this way, owing to the significant under-etching of the PMMA in the holemask, a Cr funnel structure is grown around the nanoantenna in the hole (Figure 10e).
The Cr is deposited until the hole in the mask decreases sufficiently for the desired
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diameter of the particle to be delivered to the antenna (step 10) and then the particle
material is deposited through the remaining hole either orthogonally to the surface or
at an angle to control the lateral position with respect to the nanoantenna (step 11).
Given that the angle of Cr evaporation is chosen appropriately (which exact angle to
use depends on the size of the initial hole of the hole-mask and on the PMMA
thickness), it will be deposited only on the walls of the PMMA layer (i.e. not onto the
sample surface itself), such that all the sacrificial material can be removed directly
during the lift-off in acetone (step 12), and without having to use the Cr-etch at a later
step. Hence, any incompatibilities with oxidation-sensitive or non-wet-etch-resistant
materials are completely eliminated, as well as the risk for contamination. At the same
time the impressive flexibility to build complex polymaterial nanoantenna structures in
a completely self-aligned way is retained.
In this way, by exploiting sacrificial materials that are deposited in order to shrink the
hole in the mask and then are removed afterwards, it is possible to fabricate complex
nanostructures consisting of several nanoparticles of different materials and/or of
different sizes. See, for example, a selection of nanostructures that can be fabricated
with the SHCL method in Figure 11. In addition, the method is self-aligned in nature
and thus allows precise control over the particle sizes and the distances between the
particles (i.e. gaps). Since the method is a derivative of the HCL method, it preserves
the ability of patterning large areas (few cm2) with aligned complex nanostructures.

Figure 11. A selection of nanostructures that can be made with SHCL: (a) an Au
nanodisc dimer with a Pd particle in the gap; (b) an Au nanodisc with a smaller Pd
particle on its side; (c) a cascaded Au nanodisc trimer; (d) an Au nanodisc with a
smaller Pd and aluminium oxide (Al2O3) particle on each side; (e) an Au nanodisc
dimer covered with a thin silicon oxide (SiO2) layer (deposited by chemical vapour
deposition) prior to placement of a small Pd nanoparticle in the dimer gap; (f) an
asymmetric Au nanodisc dimer with a small Pd nanoparticle in the gap; (g) a
cascaded Au nanodisc trimer with a small Pd nanoparticle in one of the gaps; (h) a
symmetric Au nanodisc trimer with a small Pd nanoparticle in one of the gaps.
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4.4 Wet-chemical synthesis of metal nanoparticles
This section concerns fabrication methods that are completely different from the ones
discussed previously in this chapter. The discussion here is about the growth of solid
metal nanoparticles via chemical reactions in a liquid reaction medium. The two
approaches, i.e. “top down” and “bottom up”, discussed in the beginning of the
chapter, are also applicable to the wet-chemical synthesis of colloidal metal particles.
The first one involves breaking down bulk metals to obtain metal particles, which have
to be stabilized with protecting agents in order to preserve the obtained particle shape
and avoid aggregates. The method is versatile for fabrication of a wide range of metal
colloids, however, it requires complicated machinery that is difficult to adjust so that
narrow particle size distributions can be achieved. The second, “bottom up” approach,
which is more widely used, involves the following methods:
1) Chemical reduction of metal salts, which is done at the embryonic stage of the
nucleation to obtain metal atoms of zero valences that can collide in solution with
further metal ions/atoms/clusters and form irreversible “seeds” of stable metal
nuclei.
2) Electrochemical synthesis of metal nanoparticles comprises several steps, which
involve oxidative dissolution of a sacrificial bulk metal anode to metal ions that
reductively form zero-valent metal atoms at the cathode, and then proceed to
further form metal particles via growth and nucleation.
3) Controlled decomposition of metastable organometallic compounds is associated
with the transition metals. Both organometallic complexes and, in some cases, the
organic derivatives of the transition metals can be decomposed into short-lived
nucleation particles of zero-valent metals with the help of heat, light or
ultrasound. The nucleation particles are then stabilized using colloidal protective
agents.
4) Preparation in micelles, reverse micelles and encapsulation, is related to the use
of colloidal self-assemblies (e.g. micelles, water-in-oil reverse micelles, vesicles),
which serve as amphiphilic “microreactors” to trap metal ions that upon
introduction of reducing agents can form metal particles.
Similar to the “top down” case, a variety of stabilizing agents (e.g. donor ligands,
polymers and surfactants) has to be applied to the “bottom up” produced nanoparticles,
in order to control their growth and to prevent agglomeration. There are two
distinguished modes of particle stabilization, i.e. electrostatic and steric. Electrostatic
stabilization employs Coulomb repulsion between particles, which is caused by
electric double layer formation of species (e.g. carboxylates, polyoxoanions) adsorbed
at the particle surface and the corresponding counterions. Steric stabilization is usually
achieved by the use of macromolecules (e.g. polymers, oligomers) that adsorb on the
particle surface and thus provide a protective shield. There is also a third mode of
stabilization, which is the combination of the above two modes and is called
electrosteric stabilization. It is achieved by the use of ionic surfactants that are
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characterized by a polar head group capable to create an electric double layer, and a
lypophilic chain that provides steric repulsion.
Wet-chemical synthesis is a powerful toolbox to obtain nanoparticles of wide material,
shape and size (down to 1-100 nm) range in both water (hydrosols) and organic
solvents (organosols). Prepared nanoparticles can easily be dispersed on supports to be
able to characterize them via microscopy techniques, and to use them in various
studies. The main concern with wet-chemically synthesized nanoparticles is that
experiments have to be carefully designed and take into account the presence of
surfactant molecules covering the particle. The surfactant might hinder the activity or
cause unwanted response of the particle by “blocking” the surface. Thus, it is
important to establish proper cleaning procedures, which help to remove surfactants,
but at the same time enable preservation of particle properties (e.g. shape, size,
activity, etc.). 99,100
The Au-Pd heterodimers investigated in this thesis were made using electrostatic selfassembly by our collaborators in the Moth-Poulsen group at Chalmers. Whereas
plasmonic Au spheres were purchased from the company (Sigma Aldrich) and used as
received, the Pd particles of different sizes and shapes were synthesized by adapting
procedures described in the literature84,101,102. Briefly, the method for Pd particle
synthesis comprised a chemical reduction of the metal salt (hydrogenchloropalladate
(H2PdCl4)) with ascorbic acid in aqueous solution of a surfactant material
(cetyltrimethylammonium bromide (CTAB) or chloride (CTAC)). The Pd seeds
obtained this way were further used to make cubes of larger sizes (or other shapes) by
means of seed-mediated growth. Figure 12 represents a selection of various
heterodimer structures that can be obtained with this approach.
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Figure 12. A selection of the heterodimer structures that can be made via wetchemical synthesis: (a) an Ag sphere with a Pd cube; (b) an Au sphere with an Au
cube; (c) an Au sphere with a Pd octahedron; (d) an Au sphere with a Pd rod; (e) an
Au sphere with a Pd cube; (f) two Au spheres with a Pd cube in-between; (g) an Au
sphere with a Pd tetrahedron; (h) an Au sphere with a Pd dodecahedron. The scale
bar in all the SEM images is 100 nm.
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As was discussed in the previous chapter, the nanostructures were produced by
implementing a new SHCL method, which was developed from the generic HCL
platform. These two methods involve various processing techniques, and this chapter
gives an overview of the tools and processes that were used.

5.1 Spin coating
Spin coating makes it possible to achieve uniform films of a viscous material (e.g.
polymers) on the surface of the substrate with well-controlled thickness. In spin
coating, typically, few droplets of a fluid (usually a solution of polymer in a solvent or
a suspension of a solid) are deposited on the centre of the substrate and then it is
rotated at a high speed. The rotations make the fluid spread by centrifugal force to the
edges of the substrate, and eventually a uniform thin film is formed on the surface.
Film thickness and quality of the coated film depend on the material of the fluid
(composition, viscosity, wetting, solvent evaporation rate), properties of the substrate
(surface roughness, wetting) and conditions of the spinning process (spin speed,
acceleration time, exhaust conditions).
The next step after dispensing is acceleration in the typical speed range of 1000-6000
rpm. The exact speed should be chosen considering the properties of both fluid and
substrate. Other factors that affect evaporation rate and consequently, film thickness,
are turbulence and ambient humidity. Spinning is usually performed in a closed
spinner bowl environment to reduce the effect of airflow around the spinning substrate
and also to maintain full exhaust during the spinning. After spinning, the substrate is
usually baked at temperatures in the range of 100 to 250°C to remove the solvent and
to leave only the film of the resin material on the surface.103

5.2 Plasma etching
Plasma can be considered as a fourth state of matter along with solid, liquid and gas,
although its properties are similar to the gas state. Plasma consists of atoms,
molecules, radicals, ions, neutrals and free electrons. It is locally polarized but the
number densities of positive and negative charges are equal on average. In micro- and
nanofabrication plasma is widely used for deposition and etching processes.
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In this thesis, all plasma processes were performed in the commercially available
system Plasma Therm BatchTop PE/RIE m/95. It is a reactive ion etching (RIE)
system that operates at radio frequency (RF 13.56 MHz) and has a maximum power of
500W and pressure up to 500 mTorr. The main chamber is pumped by a turbo pump
and a mechanical roughing pump. Inside the chamber there is a bottom electrode
(cathode) where samples are placed. The cathode is capacitively coupled to a radio
frequency (RF) generator and is water-cooled. The top electrode (anode) and the
chamber walls are grounded. The plasma is generated by applying glow discharge
between two electrodes to the gases that are supplied through the gas inlets. The
process gases include O2, CF4, Ar and H2. Strong electromagnetic field causes the gas
molecules to be stripped of electrons and become ionized, and thus, plasma is created.
After plasma ignition, due to the fact that electron mobility is much higher than the
mobility of ions, the cathode acquires negative charge and the sample placed on top of
the cathode is exposed to positive ion bombardment. At the same time there are also
plasma-generated reactive species that diffuse and adsorb on the surface of the sample,
where they form highly volatile compounds. The volatile reaction products are
desorbed into the gas phase. This process is greatly accelerated by ion bombardment
via sputtering. The volatile reaction products are then pumped out from the system.
Thus, the etching in plasma system occurs simultaneously via two mechanisms:
physical – by ion bombardment, and chemical – through the chemical reaction
between sample material and reactive species of the plasma.98,104,105
In this thesis O2 plasma etching was used in order to remove the sacrificial polymer
layer utilized for sample fabrication with HCL, as well as for removal of sacrificial C
cone structures in SHCL. As mentioned earlier, it can be quite a harsh process that can
change properties of materials exposed to it. Care should be taken in the duration of
etching with O2 plasma since it may oxidize the particles such as Pd or Pt, which is not
desirable if the oxide cannot be removed without harming the entire structure. For
example, as can be seen from SEM images taken from the synthesized Pd cube before
and after O2 plasma cleaning (Figure 13), long exposure times can affect the surface of
the particle. In this case the appropriate cleaning procedure to remove/reduce the oxide
could be for example flushing the sample with H2 gas at slightly elevated temperature.
H2 plasma etching was utilized for cleaning the wet-chemically synthesized particles
from surfactant material covering the particles used in this work.
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Figure 13. SEM images of a synthesized Pd cube (a) before and (b) after 7 min of O2
plasma treatment. The small features that appear are presumably indicators of
oxidation. The scale bar in the SEM images is 100 nm.

5.3 Vacuum deposition of materials
Vacuum deposition is a physical vapour deposition (PVD) process. The source
material is heated thermally, which causes atoms or molecules from the source to
travel directly to the substrate where they form a thin film of vaporized material by recondensing on its surface. The vacuum conditions allow the particles to reach the
target sample without (or very few) collisions with residual gas molecules in the
deposition chamber. Such a process requires a good vacuum in order to obtain a long
mean free path between collisions; although, at such pressure there is still a lot of
residual gases that can contaminate the film by impinging on the substrate during
deposition. In order to get films with high purity it is important to use high (10-7 Torr)
or ultrahigh (<10-9 Torr) vacuum.
The thermal vaporization source is one of the simplest sources to produce vapours of
materials. As the name suggests, it’s a source where thermal energy is used to produce
the vapour of the deposited material. There are several common heating techniques for
such evaporation, which include resistive heating, high-energy electron beams, low
energy electron beams, and inductive heating. In this thesis, resistive heating and ebeams were used and these techniques will be described below.

5.3.1

Resistively heated sources

Materials that vaporize at temperatures below 1500°C can be heated to sufficiently
high temperatures by passing high electric current through a filament container (with
source material), which has finite electrical resistance. There are several requirements
to such an evaporation source. First of all, the source simply has to be able to contain
the source material and prevent it from falling from the heated surface. The reason is
that many materials become liquid at the temperatures that are required to get
reasonable deposition rate. Typically, for such purpose the source has a form of a
container (crucibles, boats, baskets, wires, etc.) and can also have a wetting surface,
which allows good thermal contact between the hot surface and the material being
vaporized. There are also other materials that instead of evaporating get sublimated
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(e.g. Cr, C, Mg, Pd, cadmium (Cd), arsenic (As)), which means that they don’t melt or
flow, and for such materials a rod type source can be used or the evaporant material
can be in powder or tablet form, which in turn is placed in suitable container. Another
requirement for the source is that it has to provide thermal energy to the evaporant at
high temperatures without extensively vaporizing itself. Finally, the most important
requirement is that the source has to be compatible with the evaporant, which means
that no extensive chemical reaction or alloying between the source and the evaporant
material is acceptable. Most common materials that are used as resistively heated
sources are tungsten (W), tantalum (Ta), molybdenum (Mo) or C, which are known to
have the highest melting points and lowest vapor pressures among elements. High
current connections to the source are usually made of materials that have high
electrical conductivity (e.g. Cu).106,107
In the early stages of this thesis work, a commercially available Edwards 306
Evaporator was used for thermal evaporation of the hole-mask and Au nanodimers.
The fully automatic turbo-molecular pumping system of the Edwards gives a base
pressure of less than 5×10-7 mbar. It’s equipped with a 4-position resistive evaporation
source and has a tilt stage, which allows high precision angle evaporation. The sample
is placed upside down on tiltable stage facing the evaporant source, which is heated.
An almost uniform film of material is evaporated all over the chamber including the
sample position.

5.3.2

Electron beam heated sources

Electron beam evaporation involves intense high-energy e-beams and it allows a wide
variety of materials to be evaporated at high rate and with minimum consumption of
energy. As opposed to resistive heating evaporation, e-beam evaporation can also be
used for deposition of materials that evaporate at temperatures above 1500°C such as
most ceramics, glasses, carbon and refractory metals, or in cases when a large amount
of material is needed to be evaporated.
Electrons are usually generated in a thermionic source or by ionizing gaseous atoms
and molecules, which act as a cathode. The evaporation material acts as the anode and
it’s contained in a crucible that is usually water-cooled. When the e-beam hits the
surface of the material electrons start to interact with the atoms of the evaporant. As a
result, the kinetic energy of the electrons is converted into various forms of energy,
most of which constitutes thermal energy (~85%). The thermal energy produced in this
way is used to melt or sublimate the evaporant to achieve a desired vapour pressure.
Another advantage of e-beam deposition is that the highest temperature of the
evaporation occurs only where the e-beam hits the evaporant surface. Therefore, if the
evaporant material can be melted, and a water-cooled copper crucible is used – the
melted material forms a “skull” of its own by solidifying itself near the interface of the
area that is hit by the e-beam. Thus, the melted material is contained in its own solid
“mould”, which helps to avoid reaction of the evaporant with the crucible
material.106,107
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As can be seen in some of the SEM images in Paper I as well as in Figure 14 below,
there are small particles visible around some of the Au nanodiscs (e.g., Figures 1a and
3a−h of the Paper I). These small particles are Au particles, which are formed most
likely due to “splashing” that occurs when evaporated Au atoms/clusters traveling to
the sample substrate collide with the edges of the hole-mask, and therefore slightly
change their direction and end up off the main target area determined by the holemask. It is a characteristic and inevitable feature in the cases when underetching of the
mask is present (also, e.g., when EBL double-layer resists are used), however the
effect can be reduced to some extent using e-beam evaporation rather than resistive
evaporation (Figure 14).

a

b

c

Figure 14. SEM images of the Au nanodisc dimers made (a) with resistive evaporation
and (b) e-beam evaporation. As can be seen the latter technique results in smaller
amount of Au “splashes” around the nanodiscs. (c) An SEM image of a pair of Au
triangles made by EBL (image courtesy of Joachim Fritzsche), where tiny “splashes”
of Au are also visible. The scale bar in all the SEM images is 100 nm.
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6.1 Scanning Electron Microscopy
Scanning electron microscopy (SEM) is a versatile technique that allows imaging of
organic and inorganic materials in the nm to µm range. The examined area is irradiated
by a focused electron beam, which can be swept across the sample surface in a raster
pattern. Several types of signals are generated when the electron beam interacts with
the sample: secondary electrons, backscattered electrons, characteristic X-rays,
transmitted electrons and specimen currents. The most common operating modes of
SEM use the signal from secondary and backscattered electrons to form a highresolution image of the examined sample area.
Backscattered electrons are high-energy electrons that come from the beam and that
get reflected from the sample by elastic scattering. They give information about the
chemical composition of the sample as the intensity of the signal is strongly related to
the atomic number Z: heavier atoms backscatter electrons more strongly than light
atoms and, thus, appear brighter in the image. Secondary electrons are ejected from the
outer shells of the sample atoms by inelastic scattering when interacting with the ebeam. They have much lower energy than backscattered electrons and come from
within few nanometers of the sample surface and, thus, give good topographic
information. The three-dimensional-like image of the sample is obtained due to the
large depth of field of SEM (i.e. how much of the object under observation remains in
focus at the same time) and the good contrast between backscattered and secondary
electrons.
For conventional SEM imaging there are several requirements. Besides being of
reasonable size to fit in the SEM chamber, samples should be conductive, at least at
the surface, in order to prevent charge accumulation. Another requirement is vacuum
condition during imaging to prevent spreading and attenuation of the e-beam. The
latter complicates the investigation of samples that vaporize. In both cases when
samples are non-conducting or vaporize – they can be covered with a very thin layer of
conducting material such as Au, Pt, Cr or C. Another way to solve the mentioned
issues is to use Environmental SEM (ESEM) or SEM at low voltages, where no
coating is required. In ESEM, the sample is placed in relatively high-pressure
environment rather than in high vacuum. In such conditions, the e-beam starts
interacting with gas species. This results in positively charged ions, which neutralize
negative charges on the sample surface. For SEM at low voltages, typically field-
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emission gun (FEG) SEM machines are used, as they allow reasonable brightness and
contrast at low accelerating voltages. 108
In this thesis, all samples for single particle spectroscopy were fabricated on pieces of
a thermally oxidized Si wafer with the thickness of the oxide being 50 nm. The
presence of the thin oxide layer was crucial in order to perform dark field scattering
spectroscopy and is explained in the Section 6.2.1. The oxide layer on the substrate
was the cause of SEM images having slightly lower resolution, compared to the case if
nanostructures would have been fabricated on plain Si. SiO2 is a non-conducting
medium and it results in some charge build-up on the sample surface. However, since
it is quite thin, the effect is not as severe as it would be if samples were fabricated on
glass substrate (Figure 15). Nevertheless, the image quality was sufficient to identify
suitable nanostructures, and make approximate estimations of nanostructure
dimensions.

a

b

Figure 15. SEM images of two Au dimer nanostructures with a small Pd particle in
the gap made under identical conditions (i.e. in parallel) with the only difference being
the used substrate: a) thermally oxidized silicon (SiO2 ~ 50 nm); b) regular silicon
wafer. The nanostructure on silicon is seen with much more detail and with better
resolution, as opposed to the one made on the oxidized silicon substrate, where the
thin non-conducting layer of oxide causes slight charge build-up and, thus, worsens
the image resolution. The scale bar in both SEM images is 100 nm.

6.1.1

Identification of SEM-imaged nanostructures in the optical
microscope

SEM was a key tool in this thesis in order to find and characterize individual
nanoantenna structures, which were further used in the single particle plasmonic
sensing experiments, thus allowing correlation of measured signals from the
nanoantenna structure and nanoparticle of interest with their appearance in SEM. To
be able to find identified nanostructures after SEM imaging in the optical microscope,
where the plasmonic sensing experiments were performed, the following procedure
was developed and used. First, with the aid of a scribing pen the sample was marked
with one or two scratches that were clearly visible in the optical microscope. Then
SEM imaging was done nearby one of the scratches, however not very close (at about
200-300 µm distance), since a scratch on the sample surface produces a lot of stray
light in the optical microscope, which would interfere with the plasmonic nanoparticle
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scattering signal if the particle was too close to it. When a suitable nanostructure was
found, it was imaged at high magnification in order to be able to clearly see the
structural details and estimate the size of the particle. Then the said structure was
imaged at several decreasingly lower magnifications in order to create a “map” of the
sample topography that would step by step allow finding the particle of interest “from
scratch” in the optical microscope. See for example, such a “map” in the Figure 16 for
a sample with spin-casted wet-chemically synthesized heterodimers of Ag–Pd, where
the map was constructed in order to find the particle depicted in the Figure 17. Each
part of the “map” in Figure 16a-d, has some kind of feature that would make it
possible to navigate on the sample surface when looking at it in the optical
microscope. For example, there is a big scratch mark in the left part of Figure 16a, few
dirt pieces in the left lower corner of Figure 16b (which are probably small splinters
from the substrate after making a scratch mark), an even smaller piece of dirt in the
Figure 16c, and then the ensemble of nanoparticles that create a unique pattern in the
Figure 16d, and that can be visible as a corresponding pattern of bright spots in the
optical microscope with dark-field illumination in Figure 16e.
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Figure 16. The “map” for finding a particle in the optical microscope after SEM
imaging: a) SEM image at low magnification (145x) of the sample area near the
scratch (dark line to the left); b) zoomed in view (235x) on an area marked with a blue
square in (a); c) zoomed in view (2000x) on an area marked with an orange square in
(b); d) zoomed in view (6000x) on an area marked with a green square in (c); e)
optical microscope view of an area depicted in the SEM image in (d); f) zoomed in
view (26000x) on an area marked with a yellow square in (d) and (e). Zoomed in view
on the particle in a red square (f) can be found in the Figure 17.
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100 nm
Figure 17. SEM image of two Ag spheres with Pd cube in between, that can be found
with the “map” constructed in Figure 16 and is located in the red square in panel f.

6.2 Dark-field scattering spectroscopy
Typically, light can be transmitted, absorbed or scattered by a material. Dark-field
scattering spectroscopy (DFSS), as the name suggests, is dedicated to the detection of
scattered light, and it requires dark-field illumination. For plasmonic nanoparticles,
scattering properties are strongly wavelength dependent and are enhanced most at the
plasmon resonance frequency. DFSS is a very useful technique for single particle
characterization with the aid of plasmonic particles, and it can be performed using a
standard optical microscope in dark-field mode. Dark-field illumination implies that
the incident light is directed to illuminate the sample and that the detector should not
capture any directly irradiated light, except the one scattered by the sample.
Dark-field illumination can be achieved in several experimental configurations, which
in turn can be classified as transmission and reflection modes in general terms. In the
first case, the specimen has to be transparent to allow transmission of light, and this
configuration usually requires positioning of a dark-field condenser with high
numerical aperture (NA) below the sample. In this thesis, reflected dark-field
illumination or epi-illumination was used, where it is sufficient to have a reflected
light dark-field objective (that serves both as condenser and objective) and the sample
can be opaque. In both illumination cases, the central portion of the cone of irradiated
light is blocked; so that the sample is illuminated with a hollow cone of light as
illustrated in Figure 18. In transmission dark-field mode (Figure 18a), the high NA
dark field condenser focuses collimated illumination light at an angle steeper than can
be collected by the objective, which thus gathers only light scattered by the sample.
In the case of dark-field epi-illumination (Figure 18b), the collector transforms the
light coming from the microscope lamp into a roughly parallel beam. Most of the light
is blocked by the condenser-aperture-diaphragm, which has a central stop, so that only
peripheral rays of the beam pass through. The light is then reflected by a 45° mirror
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with a circular hole in the centre, so that the light travels to the specimen vertically
down on the outside of the actual objective lens. Then the light is focused on the
sample by an inner mirror at the end of the objective housing. Light is scattered by the
nanoparticles on the illuminated sample surface, and part of it is passed back via the
objective lens to the eye-piece. The resulting image constitutes a collection of bright
spots of different colours and intensities (depending on the particle shape, size and
material) against dark background (hence the name “dark-field”), see, for example,
Figure 16e. Notice that in the corresponding SEM image in Figure 16f there is an
arrangement of two Ag spheres with Pd cube in between and, slightly lower, there is a
single Ag sphere. These two nanostructures appear as two bright dots in the optical
microscope image (Figure 16e, yellow square). However, if we look back at the SEM
image (Figure 16f) then it is possible to see also three single Pd cubes, which are not
visible in the optical microscope due to the fact that Pd doesn’t scatter light very
efficiently. This is a nice illustration of why a strongly scattering plasmonic
nanoantenna unit such as Au or Ag is needed when using DFSS for studying small
nanoparticles (< 40 nm), in particular the ones consisting of materials that have poor
scattering properties due to high intrinsic absorption. 109,110

6.2.1

The role of the substrate in DFSS

As was already mentioned in Section 6.1, the use of a conductive Si wafer substrate
was crucial in order to be able to characterize the individual nanoparticles in SEM and
subsequently correlate the measured signals from these single particles with their
appearance (i.e. size and shape). The presence of the thin (50 nm) thermally grown
SiO2 layer on the Si wafer was necessary, in order to perform DFSS. The reason for
this is that nanoparticles on the bare Si substrate are simply not visible in the dark-field
microscope, due to the fact that a polished Si wafer reflects a lot of light and thus
suppresses the signal from the individual plasmonic nanoparticles. Placing a
transparent dielectric layer such as SiO2 on top of the reflective Si substrate gives rise
to interference effects111 between the incoming wave and the wave reflected by the Si
substrate. This stems from the different refractive indices of the two materials, which
are strongly wavelength dependent. The incoming wave of light undergoes multiple
reflections and refractions at the interfaces. The dielectric thickness modulates the
phase of light and the interference at the interfaces modulates the intensity of the
propagating light. Bilayer substrates of this kind are used e.g. for SERS112 and for
detection of atomic layers of graphene in the optical microscope113. The interference
effect strongly depends on the thickness of the dielectric layer as well as the incidence
angle of the incoming light. The presence of the plasmonic nanoparticle on the surface
further complicates the physics behind this phenomenon and will not be discussed
here. For my work it was sufficient to use 50 nm SiO2 to be able to clearly see the
plasmonic particles in the optical microscope and measure the scattering spectra from
the individual nanoparticle arrangements. However, it will be very interesting in the
future to study different effects that arise with changing substrate arrangements (i.e.
different reflecting material, different material and thickness of the dielectric, multiple
reflecting and transparent layers, the size of the plasmonic particle, etc.).
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Objective (principal plane)
Condenser
Transparent sample & stage
High NA dark-field
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Figure 18. Schematic drawing of the ray-path in (a) transmitted dark-field
illumination with high NA condenser; and (b) reflected-light dark-field illumination
with an ellipsoidal ring-mirror reflector (beam-splitter) and a concave ring-mirror
condenser. Note that all lenses are only shown as a line indicating their principal
plane. Incident light and scattered light are shown as black and red arrows
respectively. The scattered light from the sample is collected by the objective and
directed to the eye-piece. Figure redrawn from Dmitriev109 and Piller110.
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6.3 Single particle spectroscopy setup
In order to study single nanoparticles using nanoplasmonic sensing, a single particle
spectroscopy setup had to be assembled for this project. The setup had to have several
parts, which would serve certain purpose. First of all, there had to be a measurement
cell to host the sample with nanostructures and to allow temperature control over the
sample as well as contained gaseous environment with controlled flow of gases around
the sample. Then the cell had to fit the stage of the optical microscope, which would
be used to locate the nanoparticles using dark-field microscopy. Finally, there had to
be a spectrometer to be able to measure the scattering signal from the nanostructures.
The following is the description of the setup assembled fulfilling all of these
conditions.
The measurement cell was purchased from Linkam and it is a temperature-controlled
stage THMS600 with working range from -196 to 600°C. The setup is depicted
schematically in Figure 19, where one can see the Linkam chamber mounted on the
microscope stage (Nikon Eclipse LV100 upright optical microscope). The Linkam
stage is connected to a set of mass flow controllers (Bronkhorst) that have several
different working ranges to supply the desired flow of reactants to the sample that is
put inside the stage in a small quartz cup (see Figure 20). Above the sample cup, the
cell has a quartz window, through which it is possible to focus on the nanostructures
using the microscope objective, in this case usually a Nikon 50× BD. The sample is
then directly illuminated with the microscope’s 50 W halogen lamp (Nikon LVHL50W LL). The scattered light from individual plasmonic nanostructures is collected
by an optical fibre (Ocean Optics, UV-vis 200 or 600 µm core), which is connected to
the microscope eye-piece tube via a custom made fibre adapter. The collected light is
then directed to the entrance slit (500 or 1000 µm) of a spectrometer (Andor Shamrock
SR303i) and dispersed using a grating (150 lines/mm, blaze wavelength 800 nm). The
scattering spectra are recorded using a thermoelectrically cooled charge-coupled
device (CCD) camera (Andor Newton). The setup (particularly, microscope with
measurement cell and spectrometer) stands on a floating optical table (Newport),
which provides a flat and stable surface and helps to eliminate vibrations from the
environment.
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Optical fiber for signal collection
Spectrometer$
with$CCD$
camera$

Microscope
objective
Top lid with
quartz
window

Gas$in$

Mass Flow Controllers
Gas$out$

H2

Ar

Heating
cell
body

Gas bottles
Figure 19. The schematics of the whole setup: gases are supplied through a range of
MFCs to the Linkam chamber located on an optical microscope stage. The chamber
has a quartz window, through which one can focus on the sample inside the chamber
via a microscope objective. The scattering signal from the nanoparticles dispersed on
the sample in focus is collected with an optical fibre that is attached to the microscope
eye-piece via a custom made fibre adapter (not shown). The signal is directed through
the fibre to the spectrometer with CCD camera.
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Silver heating block

Quartz cup

Sample with
nanoparticles
1 x 1 cm

Sliding
holder
Pt temperature sensor
Figure 20. View of the Linkam chamber with the top lid removed: one can see the Ag
heating block and the partly retracted quartz cup containing the sample. The cup with
the sample piece is placed exactly above the heating block with the help of a sliding
holder. The Pt resistor T-sensor mounted inside the Ag block, accurate to 0.1°C,
provides a stable temperature signal and feedback to the temperature controller.

6.3.1

Signal acquisition

At 50× objective magnification (it is not possible to use a 100× objective, since its
working distance is too short for the Linkam chamber), the estimated sampling area
with a 600 µm core fibre is about 12.5 µm2, which allows for selective collection of
the scattered light from individual nanoantennas fabricated/dispersed at low density on
the sample surface. Normalized scattering spectra with intensity Isc are obtained from
individual plasmonic particles as a function of wavelength λ using the relation Isc(λ) =
(S(λ) – D(λ))/CRS (λ), where S(λ) is the collected signal from an area with
nanoantenna, D(λ) is the signal from the nearby area without nanoantenna (dark signal
for background correction), and CRS(λ) is the signal collected from a diffuse white
certified reflectance standard (Labsphere SRS-99-020). CRS(λ) was used in order to
correct the signal for the lamp emission spectrum, which is strongly wavelengthdependent. The acquisition time for each spectrum was varied depending on the
measurement needs from 0.125 s to 10 s.
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The results of this thesis are presented in three appended papers, for which a brief
summary is given in this chapter, followed by a short outlook.

7.1 Summary of appended papers
The work presented in Paper I was motivated by the fact that, in order to utilize the
strong electric field enhancement in the hot spot of plasmonic nanoantennas for
sensing in a materials science context, it is crucial to be able to place a nanoobject of
interest with high accuracy in such a hot spot. This is problematic with state-of-the-art
nanofabrication approaches, especially when several materials are to be used, small
gaps are required and large surface areas are to be patterned. In the paper we present a
novel fabrication method called Shrinking-Hole Colloidal Lithography (SHCL), which
is a further development of the established Hole-mask Colloidal Lithography (HCL)
technique. In SHCL we introduce three different variations of a critical step that
exploits a “shrinking hole” effect to enhance the versatility of HCL. The effect of the
“shrinking hole” arises from the fact that, as material is deposited through the holemask created in the HCL process, it also continuously builds up at the rims of the hole,
thus causing it to shrink continuously. We show that this effect can be utilized
systematically in combination with the growth of sacrificial nanostructures.
Depending on the specifics of the targeted application and desired material
combinations of the final structure, the sacrificial nanostructure that is grown in order
to shrink the hole in the mask to the required size (so that it can be used to grow a
smaller nanoparticle) can constitute (i) a C nanocone, (ii) a Cr nanocone or (iii) a Cr
funnel. If exploited carefully, as demonstrated in the paper, this approach provides
unique possibilities for the self-aligned crafting of complex multimaterial
nanostructures with high level of control over the size and position of the constituent
elements. As in HCL, the method also preserves the ability of patterning large areas
(few cm2) with aligned complex nanostructures. To illustrate the possibilities, we
demonstrate the fabrication of several complex plasmonic nanoantennas, such as:
nanodisc dimer with small Pd particle in the hot-spot, cascaded Au trimer, Au-Pd disc
heterodimer and Au disc with small Pd and Al2O3 particles on each side. In the second
part of the paper we show on two specific examples what kind of sensing functionality
that can be achieved with the fabricated structures. In the first example, we
demonstrate an all-optical self-referenced hydrogen sensor based on light polarization
that is comprised of an array of an Au nanodiscs with a smaller adjacent Pd particle. In
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the second example, we demonstrate the single particle hydrogen sensing capability of
an Au nanodisc dimer with small Pd particle in the dimer gap.
The main focus of Paper II is the development of a synthesis strategy for the selfassembly of two different individual colloidal nanoparticles into heterodimers.
Utilizing electrostatic interactions, we show the possibilities to combine oppositely
charged individual nanoparticles of different sizes, shapes and materials into
heterodimer combinations. Using this approach the following heterodimers were
obtained: Au or Ag spheres of 90 nm paired with Au cubes (30 nm) or Au rhombic
dodecahedra (50 nm), as well as combinations of Pd nanoparticles of different sizes
and shapes (cubes of 25 or 70 nm, rhombic dodecahedra of 110 nm, truncated cubes of
120 nm, octahedra of 130 nm) with Au or Ag spheres of 90 nm. We show that the
aggregation process can be controlled to produce the highest possible yield of dimers
by tuning the ratio between the two different nanoparticle components. The synthesis
results are rationalized with the aid of theoretical modelling. Such coupled
nanoparticle systems possess new properties and are interesting for numerous
applications. As a basic example, we demonstrate the possibility of sensing a catalytic
process such as hydrogen dissociation and absorption in a single Pd nanocube by using
the Au plasmonic unit as the probe for the reaction that is taking place on the adjacent
Pd particle.
In Paper III, we make use of the Au-Pd heterodimers synthesized with the method
described in Paper II, and further utilize the sensing capabilities of the plasmonic Au
unit in order to investigate processes happening in/on adjacent Pd nanoparticle at the
single particle level. Specifically, we study size and shape effects on the
thermodynamic properties of hydrogen absorption in Pd. This is motivated by the fact
that it is essential to gain deeper understanding of the role of particle specific features
in the metal-hydrogen interactions at the nanoscale, since this can help optimizing the
performance of hydride-forming materials, as well as to unearth the physics of phase
transitions in shape-selected nanocrystals. Moreover the detailed studies of hydrogen
interaction with nanoscale Pd systems (focusing mainly on ensembles of Pd
nanoparticles) have began only recently and yield contradicting results as well as
provoke interesting questions regarding the details of the process. Single particle
studies should help eliminate the issues caused by the inhomogeneous sample effects
that potentially blur important details of the role of nanoparticle size, shape and local
chemical composition on both hydrogen sorption kinetics and thermodynamics. We
investigate the hydrogen absorption in Pd nanocubes with size ranging from 45 to 20
nm and measure phase transition isotherms. We quantify the thermodynamics of the
process by analysing changes in enthalpy and entropy of hydrogen absorption for
individual cubes. In addition, we investigate other Pd particle shapes, such as
octahedron and rod. As a result, we find consistent size- and shape-independent
thermodynamics in agreement with classic understanding of the first order phase
transition for hydride formation in metals.
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7.2 Outlook
There are many possibilities to continue the work presented in this thesis, since it to a
large extent dealt with the development of the necessary tools for single particle
plasmonic nanospectroscopy for materials science and catalysis applications. With
these tools now at hand, the fun part only begins. For example, as continuation of
Paper I, it would be interesting to test sensing capabilities of other arrangements such
as cascaded nanodisc trimers, asymmetric dimers and symmetric trimers as shown in
Figure 11f – h. According to theoretical studies114,115 the field enhancement in these
structures should be even higher than the one in a homogeneous dimer arrangement,
with the consequence of higher sensitivities. This implies the prospects to be able to
investigate even smaller catalytic particles, ideally in the sub 10 nm size range, where
strong size-effects are predicted.
Another interesting route is to test various dielectric spacer layers, as shown in Figure
11e, for the protection of the plasmonic antenna structure. This becomes important if
the nanoantenna is to be used in harsh experimental conditions, such as high
temperatures and aggressive gas environments. Heat treatment causes the Au
nanoparticles to recrystallize and change their shape at temperatures starting already at
100°C. At even higher temperatures Au atoms become highly mobile and there is a
tendency to reduce the total surface area of the particle, which is energetically more
favourable116. In case of, for example, Ag nanoparticles, which actually support
stronger LSPR (and thus have narrower peaks, which is advantageous for sensing)
than Au, adding a spacer layer may help to protect them from oxidation to which Ag is
prone even in air. Moreover, no matter the plasmonic material, there is always a risk
that high temperatures may cause fusion of the sensor elements with a particle
deposited in the gap, which also could be avoided by capping the antenna elements
with a dielectric layer. Good candidates for spacer layers are for example SiO2, Al2O3,
silicon nitride (Si3N4), aluminium nitride (AlN), etc. Thin films of such materials can
be made with methods like chemical vapour deposition (CVD), plasma-enhanced
CVD (PECVD) and atomic layer deposition (ALD). It is also important to note that the
use of dielectric spacer layers can make it possible to investigate the role of catalyst
support material in a catalytic reaction, which in many cases is critical for the catalyst
activity and selectivity.
With regards to the results of Paper II and III, it is as well obvious that the plasmonic
particle used, i.e. the Au sphere, is not the most advantageous shape for sensing
purposes as it features much lower field enhancement compared to nanoparticles with
more distinct shapes. Therefore, it will be extremely interesting to try new
arrangements, for example, an Au rod, an Au triangle, or any other shape that has
pointy edges or sides that feature strong field enhancements, with an interesting
particle attached to it. Similarly, as mentioned above for nanofabricated nanoparticles,
adding a spacer layer around the plasmonic unit of the synthesized nanoparticles is of
high interest. Fortunately, there are possibilities to grow spacer layers around metal
nanoparticles with wet chemistry methods, for example, shells of SiO2117.
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As was mentioned earlier, the nanolithography approaches for nanofabrication are
efficient for making ordered arrays of complex nanostructures on surfaces. However,
they lack the ability to precisely control the shape, size, crystallinity and also
composition (if e.g. alloys are desired) of the particle of interest. Therefore, it would
be interesting to combine the fabrication approaches of Paper I and Papers II, III, i.e.
nanolithography with wet chemical synthesis. For example, the fabricated dimer or
trimer arrangements could have a particle with specific chemistry deposited in their
junctions, and then the synthesised particle with well-defined size and shape could be
bound to the hot spot. The latter could be possible using a tailored linker molecule
(present on the surface of the synthesized particle), which specifically binds to the
specific surface chemistry provided in the hot spot only by locally growing, e.g small
patches of TiO2, Al2O3, which contrast the surface chemistry of the rest of the support.
In such a way, it could be possible to bind not only synthesized particles but also, for
example, quantum dots (QD) specifically to the hot spot. The latter are interesting due
to their tunable fluorescent properties, as well as the possibility to boost these
properties by placing a QD in the region of the high field enhancement, and to
investigate phenomena such as strong coupling of two oscillators.
Finally, it will also be important and interesting to try any of the above arrangements
in a “real” catalytic process. That could be, for example, formation of water on the
surface of Pt or Pd by reacting hydrogen and oxygen, the oxidation of carbon
monoxide or the conversion of nitrogen oxides (NOx) on Pt. These studies should as
well be aimed at revealing size/shape effects of the particle in question with respect to
the investigated catalytic process.
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