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Preface

Nanomaterials have attracted enormous attention during the last decades due to their unique
physical properties (e.g. optical, thermal, electronic and catalytic properties). This is of importance for
an increasing range of applications of nanomaterials, where the characterisation techniques are vital
to understand the relationship between the morphology, size, composition or crystallinity and the
physical properties. Recent advances in (scanning) transmission electron microscopy ((S)TEM) have
enabled a comprehensive characterisation of the chemical composition, size and crystallinity of
nanomaterials, from the nanoscale to the atomic level. Nevertheless, images obtained with (S)TEM
only correspond to a two-dimensional (2D) projection of a three-dimensional (3D) object, hindering
the quantification and interpretation of the material’s shape. To unravel the structure-properties
relationship, electron tomography is required. Electron tomography has become an important
technique to investigate nanomaterials, but only relatively simple structures (e.g., model-like
materials like monocrystalline nanospheres and nanorods) can be investigated in a routinely manner.
In this thesis, more advanced 3D (S)TEM characterisation techniques were employed for a thorough
characterisation of complex structures or beam sensitive nanomaterials. In the following paragraphs,

| present an overview of my thesis.

The first chapter of this thesis presents a basic introduction to nanotechnology and the recent
advances in this field. Next, a brief overview of the relevant physical properties of metallic
nanoparticles and metal halide perovskite nanostructures with respective applications are given.

Finally, the need for advanced characterisation techniques for complex nanomaterials is discussed.

Chapter 2 proceeds with the description of the electron tomography for the 3D
characterisation of nanomaterials. The basis as well as the different imaging modes of electron
tomography are explored, followed by an introduction to atomic resolution electron tomography and

the 3D characterisation of nanomaterials under in-situ conditions.

The other chapters in my thesis will be devoted to the application of advanced electron
tomography techniques for a thorough characterisation of complex nanostructures. | divided my
thesis in two parts: “Electron tomography of metallic nanoparticles containing structural defects” and

“Electron tomography of beam sensitive nanomaterials”.

In the first part, three chapters are dedicated to the use of advanced electron tomography
techniques to retrieve the 3D of structure of nanoparticles with defects. In Chapter 3 nanotriangles
and nanorods are treated by an oxidative etching procedure that may create defects. The resulting

nanoparticles are further used as seeds in the synthesis process of larger nanostructures, which is why
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a characterisation of the defect structure is important. In this manner, | aim to understand the
relationship between the crystallinity of the seeds and the morphology of the final products. In
Chapter 4, nanosecond laser pulses are used to introduce defects in spherical nanoparticles. The
influence of the chemical environment during pulsed laser irradiation on the formation of defects is
investigated. Atomic resolution electron tomography enabled the characterisation of hollow
nanostructures, which are formed at specific irradiation conditions. The use of in-situ tomography
experiments in combination with spectroscopic techniques furthermore revealed the contents inside
the cavities of hollow nanoparticles as well as the dynamical behaviour upon increasing temperature
conditions. Chapter 5 focuses on the 3D characterisation of nanorods, welded together through laser
irradiation. | will correlate the type of defect with the welding geometry and the plasmonic properties.
Hereby, electron tomography, at the nano- and atomic scale, is applied. Simultaneously, the plasmonic

properties are investigated using spectroscopic techniques.

The second part of this thesis focuses on the characterisation of beam sensitive
nanomaterials. Chapter 6 addresses the challenges related to the 3D investigation of soft-hard nano-
assemblies. Alternative techniques are used to retrieve the 3D volume, while maintaining the
structure as close as possible to its original state. In Chapter 7, an advanced methodology for the 3D
characterisation of beam sensitive nanomaterials at the atomic level is tested and applied to metal

halide perovskites.

Finally, Chapter 8 presents the general conclusions of this thesis as well as an outlook for the

future characterisation of complex nanomaterials.

12



Chapter 1. Introduction to metallic nanoparticles

1.1 Advances on nanoscience and nanotechnology

Nanoscience is a multidisciplinary field, including Physics, Chemistry, Materials Science and
Biology'=, that studies phenomena and manipulation of materials at the scale of nanometres. The
suffix ‘nano’ represents a billionth of a physical quantity. Therefore, one nanometre is equal to one
billionth of a metre. Materials are often classified as nanomaterials when at least one of its three
dimensions is in the nanometre size range, resulting in zero-dimensional (0D) nano-objects (e.g.
guantum dots and nanoparticles), one-dimensional (1D) nanomaterials (e.g. nanotubes and nano-
wires) and 2D nanomaterials (e.g. thin films). In Figure 1.1, a length scale is presented, where the size
of a gold nanoparticle is compared to macro- and microscopic structures. Due to such small physical
dimensions and an increased surface-to-volume ratio, the physical behaviour of nanomaterials is
different from the bulk structures and can even be governed by the laws of quantum mechanics®™ (for
nanomaterials with sizes of only a few nanometres known as quantum dots). Therefore, new physical
properties’ were observed, which are intrinsically correlated with the morphology, size, composition
and crystallinity of nano-objects*®. For this reason, nanomaterials have shown an increased interest
during the last decades and have been used in a diverse range of applications, such as coatings'®??,

skincare products®?, batteries!*'>, data storage'®!’, cancer treatment*®?! and nanosensors?>%,

Child 1 cent Grain of salt Red blood cell Gold nanorod Atom

L] Ll L) Ll L T
1m 1dm icm 1mm 100pm 10um  1pm 100nm 10nm 1nm 1A

N
, A\
»
Y
Apple Ant Human hair Virus DNA

Figure 1.1 — Length scale comparing the size of nanoparticles with macroscopic and microscopic

structures.
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More interestingly, nanoparticles have been used since the ancient times in the preparation
of red-coloured glasses. The first occurrence dates to the fourth century for a Roman opaque glass
cup, the Lycurgus cup, as shown in Figure 1.2. Such cup yields a green colour when illuminated from
the outside (Figure 1.2.a), whereas an internal illumination results in a ruby red colour (Figure 1.2.b).
This variation of colours can be attributed to plasmonic properties of small alloys of silver and gold
nanoparticles (ratio of silver to gold equals to 70:30)?*?>. The production of the dichroic glass of the
Lycurgus Cup still remains unclear, however evidences suggest that the heating process of a rare glass

coloured with gold and silver might have induced the formation of alloyed nanoparticles®.

Figure 1.2 — The Lycurgus cup illuminated from the (a) outside and the (b) inside (image from the

British Museum free image service?’).

Nanomaterials can be produced with a diverse set of protocols that can be divided in two
categories: the top-down and bottom-up approaches, as illustrated in Figure 1.3. The first starts from
objects at the macroscale and by the removal of the excess of material, a nanostructure is created.
Examples of nanofabrication using this approach consists of electron-beam lithography, focused ion
beam (FIB) milling and block-copolymer lithography®?¢. The second approach involves assembling of
chemical components into the desired nanostructure and is commonly used for the fabrication of
nanoparticles®. This synthesis approach allows the production of nanomaterials with very specific
sizes, shapes and compositions, where the properties can be tuned by modifying one or more of the

mentioned parameters?,
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Bottom-up

Top-down

Figure 1.3 —Scheme of the principal routes for the synthesis of nanomaterials: the bottom-up and the
top-down approaches. A sphere represents one atom. By assembling atoms together, larger structures
can be formed, using bottom-up approaches. The first cube shown in the lowest row represents a
nano-object, with size of a few nanometres, while the largest correspond to an object with dimensions
in the microscale. In the top-down approach, material from an object of hundreds of nanometres
(large cube at the lowest row) is removed, until a smaller structure of a few atoms in size is obtained.

Figure adapted from [%].

Alternatively, new routes for the synthesis of nanomaterials have been developed for high
monodispersity yield in shape and size 22, For nanoparticles, the seed-mediated growth technique is
one of the most reliable technique that enables the control over the chemical composition, shape,
size and crystallinity during synthesis®’. This technique consists of two steps, the synthesis of the
nanoseeds and subsequent growth of the desired particle by controlling the metal precursors,
reducing agents and shape-directing agents3®3l, During the past years, the growth conditions have
been meticulously optimized to increase the monodispersity yield in shape and size of overgrown
structures?>%, However, little progress has been achieved for the optimization of the seeds and the
protocols for their synthesis remain almost identical to the original version32. Recently, studies
focusing on the optimization of the shape, size and crystallinity of the seeds has been carried out®. To
control the size and crystallinity of the seeds, an oxidative etching approach is applied to mono-

crystalline gold nanorods and mono-twinned gold nanotriangles (Chapter 3). As a result, the
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monodispersity yield increased considerably. Moreover, the crystalline dispersity of the seeds enabled
a synthesis protocol with improved shape and size dispersity of the final products, due to the close
relationship of the crystallinity of the seeds with the final shape and size of the overgrown products®*~
3, Besides, different routines for the generation of seeds with specific type and quantity of defects
have also been developed, where nanoseeds with specific crystallinity are obtained upon ultrafast

laser pulses treatment of spherical nanoparticles (Chapter 4).

1.2 Physical properties and applications of metallic nanoparticles

Aspects that play an important role in the properties of nanomaterials are their size and shape.
For example, nanoparticles display different plasmonic properties for different sizes as well as for
different shapes (section 1.3.1). This section will focus on the qualitative description of the most
relevant properties of metallic nanoparticles, with emphasis given to gold nanoparticle, which is one

of the main subjects of this thesis.

1.2.1  Thermal stability

The study of the thermal stability of nanoparticles allows a better comprehension of the
morphology of this type of structure by associating how the excess of free energy influences the
formation of preferential facets, as it will be discussed in this section. Moreover, such study ultimately
enables the enhancement of protocols for nanomaterials synthesis. The key parameter for the thermal
stability of nanostructures is their small dimensions, as the surface/volume ratio increases for
decreasing sizes™3%, For spherical objects with radius r, the total number of atoms N scales with
volume, while the fraction of atoms in the surface is proportional to the surface area divided by the
volume of the object. In this manner, surface atoms of a nanoparticle of 2 nm constitutes
approximately 60% of the total atoms®. Surface atoms have fewer direct neighbours than the bulk
atoms. Therefore, these atoms possess a lower coordination number and display unsaturated or
dangling bonds, adding extra energy to the system when compared with the bulk atoms®. Besides, the

atoms at the edges and corners have even lower coordination number.

The surface energy associated with the different surface facets (hkl) in the nanoparticle is
described by the Gibbs free energy per area®®. The increase of the total energy due to the increase of
the number of surface atoms is not thermodynamically favourable during the synthesis of
nanoparticles. Thus, the formation of preferential surface facets that minimizes the exposure of
dangling bonds is promoted. Consequently, the final equilibrium morphology corresponds to the
configuration with the less energetic surface facets and is predicted by the use of the so-called Wulff

constructions>3¢. Moreover, the functionalization of nanoparticles enables the interaction of the
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surface atoms with free bonds with the functional groups, which modifies the total energy of the
system and results in the formation of nanomaterials with preferential morphologies®. Besides,
different morphologies can also be obtained during synthesis through modifications of the equilibrium
conditions of the nanostructures in suspension, modifications of reactants, changes of solvent and/or

temperature of the system.

More interestingly, the equilibrium position of surface atoms are also affected by surface
effects. Since those atoms have dangling bonds, the net force is different from bulk atoms. Thus, the
interatomic separation of surface atoms can be smaller when compared with bulk atoms for very small
nanoparticles, known as surface relaxation®®%’. Additionally, a decrease in the melting point of
nanoparticles has been observed as a consequence of surface effects (increase in the number of
surface atoms and consequently increase of the surface energy), when compared with the bulk

materials with the same composition®3.

1.2.2 Optical properties

This section focuses on the description of the optical response of nanomaterials to external
excitation. This knowledge is essential for a better comprehension of metallic nanomaterials
performance in different applications and eventually allows the optimization of the design of existing
applications. Upon interaction with external electromagnetic field, the oscillation of the conductive
electrons generates a polarization state of the metal. The dielectric displacement 5(?, ) due to the

total polarization of the material (from the bound and free electrons) is given by3®%°

D w) = e(w)E# w) (1.1)

where g(w) is the dielectric constant of the metal. For metals, £(w) is a complex quantity and is given
by e = &' + ie”, with the real and imaginary parts described by the Lorentz model for an harmonic

oscillator as3®%

(1.2)

and

B wpyw
@~ 7

14

£ (1.3)

where y is the damping factor, w, is the natural frequency of the oscillator and w, is the natural

frequency of oscillation of the cloud of free electrons known as plasma frequency, defined as3%4244
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2
wp = x—; (1.4)
with m equals to the mass of the electron, N is the free electron density and & is the permittivity of
vacuum. A common approximation of the Lorentz model for the determination of the dielectric
constant € is the Drude model, which is valid for conductors that have free electrons. In this model, it
is assumed an absence of a restoring force of the harmonic oscillator, due to presence of free negative
charge carriers. In this manner, w, is zero in equations (1.2) and (1.3)**. For gold nanostructures, the
Drude model offers a limited perspective, as it only takes into account the free electrons (intraband
transitions) and dismisses the contributions of bound electrons (interband transitions). Thus, to apply

the Drude model to gold nanostructures, a correction factor that takes into account the interband

transition in gold is incorporated to the model (known as Drude-Lorentz model) 4747,

The collective oscillation of the conduction electrons is generated by the incident field within
a thin layer of the metal close to the surface. For small nanoparticles of gold with spherical shape the
maximum absorbance is located in the visible region of the electromagnetic spectrum (for a radius of
19 nm, the absorption wavelength was found to be 522 nm)*. The thickness of an object that the
incident electromagnetic wave is able to interact is characterized by the skin depth § parameter,
where for metals § is very small (few tens of nanometres for gold). Such coherent oscillation is known
as a plasmon, which can be categorized in bulk plasmons (BP), surface plasmons (SP) and localized
surface plasmons (LSP). Moreover, this coherent oscillation of the conductive electrons is responsible

to generate a polarization state of the metal.

For nanoparticles, with dimensions much smaller than the wavelength of the visible light and
in the range of the skin depth &, the electron cloud of the complete particle is polarized. The electron
cloud is displaced in the opposite direction of the polarization of the incident light to cancel the
generated electric field inside the metal. A restoring force is then created due to the Coulomb
interaction between the negatively charged free electron cloud and the positively charged lattice,
resulting in the displacement of the electron cloud to the opposite side of the induced dipole, as
illustrated in Figure 1.4 for a spherical nanoparticle. Moreover, for metallic objects with dimensions
in the nanoscale, the LSP dominates and is characterized by localized surface plasmon resonance
(LSPR) frequency that is dependent on the dielectric constant of the material, the dielectric constant
of the surrounding medium, the size and shape of the metal. Finally, the coherent oscillation is
damped by electron-electron and electron-phonon interactions and will therefore extinguish once the

source of external irradiation is inactive.
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Figure 1.4 — (a) Representation of the metallic sphere. The coordinate system used is indicated in the
bottom left of the image. (b) Oscillation of the electron cloud upon interaction with external field for
a wavelength greater than the radius of the sphere. For the present symmetry, the oscillation of the

electron cloud can be treated as an oscillating dipole.

For metals, the dielectric constant is a complex function. The imaginary part of the dielectric
constant is responsible for the damping of the LSP mode and arises due to the energy absorption by
the metallic object, which is ultimately converted in other forms of energy, as heat3¢414°, This effect

will be explored in more details in section 1.2.3.

As mentioned, the size of the nanoparticle plays an important role in LSP modes?®3¢4!, For
gold particles much smaller than the mean free path of the free electrons, the LSPR frequency
experiences a slight blue-shift, compared to larger ones, and eventually vanishes for decreasing
radius®¢°°. However, for particles with increasing radius (larger than the skin depth §), a red-shift of
the LSPR frequency is observed for increasing radius of the nanoparticles, as well as a broadening of
the plasmon energy peak®4%4!, Alternatively, the morphology of the nanoparticle is also of vital
importance for the plasmonic modes excited by the incident electromagnetic irradiation. For
nanoparticles with anisotropic shapes and/or with the presence of sharp corners, different field
distribution of their plasmon mode are observed as well as the resonant frequency shift?8364151 For
instance, rod shaped nanoparticles display two separated LSP bands associated with their width

(transverse plasmon bands) and length (longitudinal plasmon bands)®27°, as illustrated in Figure 1.5.
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Figure 1.5 — (a) The Transverse Plasmon Mode associated with the width of the nanorod and (b) the

Longitudinal Plasmon Mode associated with its length.

More interestingly, when metallic nanoparticles are placed closely together, coupling
between the individual induced electric field of each particle occurs, resulting in a stronger field
enhancement in comparison to single nanoparticles, also known as the generation of hot spots®®=8,
Such field enhancement for self-assemblies of nanoparticles is observed when the distance d between
the particles is sufficiently small (d < R for spherical nanoparticles, where R is the radius of the
nanoparticle)®®4°, For a qualitative analysis, consider two nanospheres aligned along the x-axis. The
resultant plasmonic modes of such system is a result of the hybridization of the plasmonic modes of
each nanoparticle. For a transverse excitation (perpendicular to the x-axis), the plasmon frequency of
the two neighbouring spherical nanoparticles slightly blue-shifts because of the weak interaction
between the individual fields, while for a longitudinal excitation (along the x-axis), a stronger
interaction takes place resulting in a stronger red-shift of the plasmon frequency®?®. For instance, the
magnitude of the module squared of the local electromagnetic field between the metallic
nanoparticles in self-assembly is enhanced by several orders of magnitude when compared with a
single nanoparticle®°%®, Due to the field enhancement generated by the optical coupling of different
modes, self-assemblies of metallic nanoparticles have shown increasing applications in sensors

field*e2,

1.2.3 Photothermal properties

A rising interest in metallic nanoparticles is associated with their ability to act as a nanoscale

heat source under light irradiation. As discussed in the previous section, the imaginary part of the
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dielectric constant is connected with the energy absorption of metallic nanoparticles from the incident
electromagnetic wave. This absorbed energy can be converted into heat, which is most efficient when
the frequency of the incident wave is equal to the plasmon resonant frequency®. The ability of a
nanoparticle to convert the energy to heat is described by its photothermal properties. For gold

nanospheres with sizes below 60 nm, the frequency is in the visible region of the spectrum?3,

For simplicity, we first analyse the effect of an ultrashort laser excitation on a gold spherical
nanoparticle, with a few femtoseconds of pulse duration. Part of the energy from the incident wave
is absorbed by the free electron cloud of the nanoparticle, where the energy absorption process will
depend on the wavelength of the incident electromagnetic wave. The energy absorption process
happens in a time interval between a few tens to a few hundreds of femtoseconds®*®*®” The exact
value for the absorption time depends on several factors, such as size of nanoparticle and the incident
energy of the laser®. Moreover, the higher the proportion of the excited free electrons the faster the
energy redistribution by electron-electron collisions®®. Subsequently, the absorbed energy is
transferred by electron-phonon scattering (duration of 1-10 picoseconds®®®?) to the atomic lattice of
the metal. As a result, a quantized lattice vibration, known as phonons, is observed, which in turn will
modify the periodic potential experienced by the electrons, resulting in a modification of its
wavefunction. Finally, the heat is released to the surrounding medium resulting in the cooling down
of the nanoparticle through phonon-phonon collisions (time duration greater than 100
picoseconds®®?). The cooling dynamics in this process and the final temperature of the nanoparticle
are affected by the properties of the surrounding medium, the geometry of the nanoparticle and by
the density of nanoparticles in solution®® (a high concentration of nanoparticles in solution results in
a faster heating of the solvent, influencing the temperature transfer rate). Moreover, surrounding
mediums with high thermal conductivity results in a faster relaxation process of the nanoparticles®.
More importantly, the temperature reached by the nanoparticle will dictate if it will go through a
shape transformation®. In summary, the described process will be completed upon the irradiation of
a laser pulse of duration of only a few femtoseconds. Additionally, for increasing pulse duration and
continuous laser excitation, the described events starts to overlap, as the nanoparticle absorbs energy
from the incident wave for longer periods of time, which can eventually result in the fragmentation of

the nanoparticles®®7%,

As a consequence of the described photothermal effect, metal nanoparticles can reshape and
alloy upon laser excitation which has been exploited to tune the size, shape and chemical composition
of colloidal metallic nanoparticles. Examples are the reduction in size of metallic nanoparticles for

catalytic applications’*74; the controlled reshaping of gold nanorods with high monodispersity and
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resulting in nanorods with ultranarrow LSP bands®7%75777; and the creation of self-assemblies of gold

nanorods, resulting in nanosystems with new hybridized plasmon modes’®7°,

The main parameters that influences the interaction between incident wave and nanoparticles
are the laser wavelength, fluence, pulse width, repetition rate and the properties of the surrounding
medium. For instance, the laser fluence characterizes the radiant energy delivered to a surface per
unit of area and can be used to tune the temperature that the nanoparticle is heated to®, where the
created heat is the highest when the nanoparticles are irradiated at their plasmon resonance. For
example, gold nanorods were shown to undergo intermediate shape transitions up to complete
deformation to a more spherical shape and even fragmentation upon increasing laser fluence®71,
Furthermore, it was found that heating is more efficient when using femtosecond pulses compared to
nanosecond pulses, as for the latter, heat absorption and dissipation to the surroundings happens
simultaneously®7%7¢, As a consequence, more uncontrolled melting, fragmentation and the formation
of particles with unusual shapes have been observed for nanosecond pulsed laser’7%%, Next to the
pulse width, the repetition rate plays an important role as well. High repetition rates may lead to heat
accumulation preventing the cooling down of the nanoparticle between two consecutive pulses®,
Additionally, the presence of coatings can significantly influence the nanoparticles’ stability upon laser
pulses illumination. Recent studies revealed that rigid coatings such as silica can drastically increase

8871 For example, cetyltrimethylammonium bromide

the photothermal stability of gold nanorods
(CTAB) was shown to act as a thermal barrier above the critical micelle concentration leading to
nonhomogeneous reshaping of gold nanorods whereas uniform reshaping was observed for

femtosecond laser pulses around the critical micelle concentration’.

1.2.4 Applications

One of the most popular usages of gold nanoparticles is in the field of biomedicine, for image
diagnosis and cancer therapy treatments due to their unique plasmonic properties'®2%2136 To enable
the use of nanoparticles in the field of biomedicine, a few requirements exist: the nanoparticles cannot
be detected by the immune system, the nano-systems needs to recognize the target cells and it has
to be properly eliminated from the body after completing the objective. Moreover, the toxicity of the
nanoparticles to the living tissue needs to be taken into account®83, All of this can be accomplished

by modifying the surface, shape and size of gold nanoparticles®-#2,

More specifically, the cancer treatment can be achieved through several approaches and among

218 In the former case, the

them the hyperthermal treatment and targeted drug delivery
nanoparticles are stimulated with an external electromagnetic field at the plasmon resonance

frequency after attachment with targeted cells, resulting in temperature increase of the nanoparticles,
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as illustrated in Figure 1.6. As the cells are very sensitive to increasing temperature and die above
42°C1820.2136 if syfficient accumulation of nanoparticles is present at the target cancer cell, the death
of those cells will be induced by photothermal stimulation of the metallic nanoparticles. However, this
technique is restricted only to cancer cells that are localized close to the surface of the body, as tissues
and organs can absorb most of the energy from the laser before reaching the nanoparticles attached

to deeper cancer cells®®,

Laser
C D C / D.C )
O / Blood vessel
X )
%{thperthermia

Figure 1.6 — Treatment of cancer cells by hyperthermia using gold nanoparticles. Functionalized
nanoparticles with specific binding for the cancer cells are injected in the body. Laser illumination of
the particles induces the production of heat that is sufficient to induce death of the surrounding cells.

Figure adapted from [3¢].

Another very promising field of application of gold nanoparticles is in data storage. Here, gold
nanorods with different aspect-ratio are deposited in a layer with a disk shape, with arbitrary
orientations'®!’, Femtosecond laser pulses irradiation promote the shape transformation into spheres
for the nanorods with the same orientation as the polarization of the laser®7>7°, Moreover, the
frequency of the incident laser will correspond to the LSPR frequency of nanorods with specific aspect-
ratio. In this manner, the information can be stored through the use of different excitation
wavelengths, corresponding to the LSPR frequency of specific nanorods and resulting the in shape
transformation of those. Just a few example of the capabilities of nanomaterials in the development
of new technologies were mentioned in the present section to illustrate their potential in innovative

solutions.

Last but not least, the use of plasmonic nanoparticles have attracted a lot of attention in the past

41,49,56,57,

decades in the field of Raman spectroscopy 778588 To determine the vibrational modes of
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molecules and obtain their structure fingerprint, Raman spectroscopy is largely applied. However, the
signal obtained for this spectroscopic technique is very low®. To enhance the detection of Raman
signals, the molecules under investigation are placed near the surface of plasmonic nanoparticles®°,
The interaction of the Raman effect with the plasmonic properties leads to a great enhancement of
the Raman intensity®®. By characterizing the resonant plasmon modes of functionalized metallic
nanostructures, a red-shift of the resonant modes is observed due to the increase of the refractive
index of the surrounding region of the nanoparticle®. This measured shift is later on used to identify
the molecule and to obtain further information regarding their structure. The use of plasmonic
nanoparticles as antennas for Raman spectroscopy of molecules is known as surface enhanced Raman
spectroscopy (SERS) #14956:57.77.85-88 Basides, the use of nanoparticle assemblies is largely explored in

this area, due to the further field enhancement associated with the creation of hot spots®786:88,

1.3 Physical properties and applications of metal halide perovskite nanoparticles

During the past years, increasing attention has been given to metal halide perovskite due to
their potential application in photovoltaics and optoelectronics®®®°. In this section, the main physical
properties of metal halide perovskite nanostructures are briefly discussed, followed by a description
of different applications. Due to the sensitivity of this materials to the electron beam®, advanced
electron microscopy techniques for the characterisation of the atomic structure will be discussed in

Chapter 7.

1.3.1 Crystal structure

By definition, a perovskite crystal corresponds to compounds that have ABX; stoichiometry
(Figure 1.7). For inorganic metal halide perovskites, the symbol A represents a monovalent inorganic
metal cation (Cs* or Rb*), the symbol B denotes a bivalent metal cation (e.g., Pb?, Sn?*, Ge?*, Cu®, Eu?*

and Ni**) and the symbol X designates one or mixed halide anions (CI, Br and I).
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Figure 1.7 — Typical ABXs perovskite crystal structure. Figure extracted from [*®].
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The stability of perovskite structures are predicted by the Goldschmidt tolerance factor, which

9% In general, the metal halide

takes into account the effective ionic radii of the A, B, C ions
perovskite structure have a tendency to be in a orthorhombic or tetragonal phase at room
temperature, whereas the cubic phase is more likely for increasing temperature conditions®®3, During
synthesis, the structure of metal halide perovskite nanoparticles can be either in a bulk shape orina

nanostructure format, such as nanoplateles, nanosheets, nanowires and quantum dots®.

%53 As a consequence of their

Perovskite structures are mostly held by ionic bonding
predominant ionic lattice and band structure, perovskite structures have shown a high defect
tolerance®%3.Defect tolerance is defined as the ability to retain the electronic properties of the
structure even in the presence of defects. The introduction of defects in the crystal lattice promotes
ionization levels within the material bandgap®’, which results in the trapping of charge carriers®®’. In
this manner, non-radiative processes that convert electronic energy into thermal energy are not
predominant, maintaining the optoelectronic properties similar to defect free structures®*2. More
interestingly, the ionic property of the lattice protects the charge carriers from trapping and
scattering®. Besides, interstitial and antisite defects, which form deep trap states, are almost absent
since the ions in the lattice are energetically difficult to misplace®. Due to such high tolerance,
perovskite structures might exhibit a high semiconductor performance, even at a large concentration
of defects®™. However, in some cases, defects can have an impact on the optoelectronic properties of

9297 For instance, recent studies have shown that the presence of Bi

metal halide perovskites
impurities in lead halide perovskites lead to a reduced electroluminescence yield and reduced charge

carrier lifetimes®.

1.3.2 Optoelectronic properties

Metal halide perovskite nanoparticles have shown high optical emission and absorption®9?,
due to their unique density of states configuration®2, For instance, it has been shown that the optical
emission and absorption wavelengths of CsPbX3 can be tuned over the complete visible spectrum by
changing the chemical element at the position X (Aemission = 410 nm for X = Cl, Aemission =
512 nm for X = BT, Agmission = 685 nm for X = I) or by using a mixture of halide elements®°%%,
Moreover, a dependency of the emission and absorption wavelengths were find for varying sizes due
to quantum confinement effects®%. Alternatively, the emission wavelength can also be tuned by
selecting specific dopants to the structure of dopants®. For instance, doping CsPbCls nanocubes with
lanthanide atoms resulted in the shift of the emission wavelength from A nission = 400 nm to

Aemission = 1000 nm®>!%, Besides, metal halide perovskites display a high monochromaticity, as a
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narrower full width at half maximum (FWHM) of the emission spectra (12-42 nm®°°) has been

observed, in comparison to traditional quantum dots (CdSe, CdS and PbS)°2.

Metal halide perovskites also exhibits a high photoluminescence quantum vyield, higher than
90% for organic-inorganic hybrid and all-inorganic structures®’. Such high yield can be attributed to
the large specific surface area of the nanostructures and the large exciton binding energy
mechanisms®. Excitons corresponds to a bound state of an electron-hole pair state due to Coulomb
attraction, where the exciton binding energy is the force between the electron-hole pair. Theoretical
studies®® have shown that exciton binding energy of CsPbBrs and CsPbCls are greater than the thermal
energy at room temperature. As a result, CsPbBrs and CsPbCls; structures are optically more
favourable®l. Moreover, defect tolerance and the high monochromaticity also contributes for a high

photoluminescence quantum yield®!.

1.3.3 Applications

Because of the adjustable band gap, narrow linewidth of the energy spectrum,
photoluminescence effect and the broad absorption range, metal halide perovskite nanocrystals have
been shown potential applications in different fields®%°. For instance, light-emitting diodes (LEDs)
have been coated with perovskite nanoparticles. The narrow linewidth of the emitted peak of
perovskite nanocrystals is responsible for the observed high colour purity®!. For this reason, perovskite

nanocrystals are widely used in the backlight source of display devices with high colour saturation®?.

Additionally, the observed high carrier mobility, long carrier diffusion length, high optical

absorption, high photoluminescence quantum vyield and excellent defect tolerance of metal halide

91-93,101 91,102

perovskites open new possibilities in the fields of solar cells and photodetectors

To further improve the performance of metal halide perovskites and eventually enable the
optimization of synthesis protocols and the design of new applications, a thorough characterization
of the structure is required. For instance, the characterization through electron microscopy combined
with optical measurements enables researchers to verify the synthesized products and consequently
assist in the enhancement of synthesis protocols. Moreover, the use of more advanced techniques of
electron microscopy (e.g., electron tomography at the atomic level) combined with optoelectronic
characterization methodologies allows researchers to establish connections between the crystallinity
of metal halide perovskites with their physical properties, enabling a better comprehension on the

defect tolerance for example.
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1.4 The need of advanced electron tomography for the 3D characterisation of real

nanomaterials

Because images obtained with (S)TEM only correspond to a 2D projection of a 3D object, the
interpretation of the morphology based on those images can be misleading, as illustrated in Figure
1.8. However, the 3D information about the structure and shape is important to understand their
physical properties (optical properties and catalytic activity, e.g.)’®'%4 The morphology of
nanomaterials can be investigated by electron tomography, a technique capable of retrieving the 3D
structure of an object from different 2D projection images'®191% Differently from the medical
computerized axial tomography (CAT-scan imaging) where the x-ray source and the detector rotate
around the patient, the object under investigation is tilted inside the electron microscope. Next, the
so-called tilt series can be combined by using a mathematical algorithm and the 3D structure can be
recovered. Besides the characterisation of the morphology and 3D structure of nanomaterials,
electron tomography, in combination with spectroscopic techniques!®”~%, enables one to
characterise the 3D chemical distribution. Other possibilities involve the use of multimodal
tomography!l® to investigate the presence of defects at the nanoscale. Moreover, the 3D atomic
structure can be revealed by using high-resolution STEM images combined with some prior
information about the object under investigation (position of the atoms, sparsity of the

reconstruction, shape of the structure or the shape of the atoms) as input for the 3D reconstruction'

113
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Figure 1.8 — Lego shadow sculpture by John Muntean!®. By illuminating the sculpture along different
orientations different shadow images could be created, such as airplane, butterfly and dragon,

although the sculpture does not possess the shape of any of the shadows in particular.

Because techniques based on electron tomography were initially developed for the
characterisation of simpler structures (e.g., model-like materials like mono-crystalline nanospheres
and nanorods), the 3D investigation of more complex materials is not straightforward. For example,
the recovery of the 3D atomic structure of very beam sensitive structures is still very challenging, as
the atomic lattice is modified during electron beam illumination®®. This is also a valid concern during
the characterisation of nanostructures that contain a soft compound such as self-assemblies of
nanoparticles encapsulated by a polymer shell. Additionally, structural modifications related to the
drying process when drop casting the colloidal solution on a TEM grid may occur. This effect has been
observed for clusters encapsulated with a soft shell and will hinder a quantitative interpretation. For
complex nanostructures that contain defects, a 3D characterisation is also far from straightforward,
especially at the atomic scale. Indeed, atomic resolution tomography is often based on the use of prior
information 1117113, which may not be available for such complex structures. Finally, although electron
tomography, at the nano or atomic level, provides very useful knowledge, it is restrained to room
temperature and ultrahigh vacuum conditions inside the electron microscope. As most of
nanomaterials will be used at specific conditions (e.g. temperature, pressure and chemical

environment), it is essential to mimic those conditions during TEM investigations. Thus, new
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approaches to investigate complex materials are required to overcome the limitations of model-like
structures. During my PhD research, advanced techniques for electron tomography at the nanoscale
and at the atomic scale were employed for the characterisation of defects in metallic nanoparticles as
well as the investigation of beam sensitive nanostructures, such as metal halide perovskite
nanostructures and soft-hard composites. The aim of the present thesis is to establish a better
connection between the structure and the physical properties of different nanostructures and
eventually contribute in the optimization of synthesis protocols and in the design of new and existing

applications.
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Chapter 2. Foundations of electron tomography and associated

techniques

2.1 Introduction to electron microscopy

A thorough understanding of the physical properties of nanomaterials strongly depends on an
accurate characterisation of the particle size, morphology, chemical composition and atomic
structure*®. Such knowledge is crucial for the optimization of the synthesis process to deliver products

with desired properties!®

and may even guide the design of new applications. However,
nanomaterials are not visible to the naked eye or conventional light microscopes, because of a lack of
spatial resolution. Indeed, the resolution of a light microscopes is approximately 0.22 pm for the best

available objective lenses!?’.

In 1927, Davisson and Germer showed that electrons emitted from a heated filament and
accelerated trough a potential difference of 50 V produced images of the diffraction pattern of a
metallic object, confirming the duality behaviour of electron as proposed by de Broglie®. In this case,
the electron wavelength was A,joctron = 0.17 nm, which is comparable with the lattice parameters of
crystalline objects. Around the same time, Ernst Ruska and Max Knoll started working in the
development of a cathode-ray oscillograph®®. For the next years, they worked in the development of
magnetic lenses to focus the electron beam emitted from the cathode-ray. This work resulted in the
development of a new instrument, the transmission electron microscope, capable of producing
images of metallic arrangements with magnifications of 14.4x at that time. By accelerating the
electrons through a potential difference of 75 kV, a resolution of 0.22 nm was expected. However, this
resolution was not achieved due to the insufficient magnification to observe such small features and
the presence of aberrations from the electromagnetic lenses. Besides, the first commercial electron
microscope was produced by E. Ruska at Siemens in 1938. Followed by the progress with the TEM,
Manfred von Ardenne, also at Siemens, developed the first STEM in 1938 by adding scanning coils to
the instrument!®®, After the development of a of ultra-high vacuum (UHV) and the field-emission gun
(FEG), the first dedicated STEM was constructed by Albert Victor Crewe and co-workers in 1970,
equipped with an annular-dark field (ADF) detector!'®129121 Sych instrument enabled the acquisition
of chemical and morphological information simultaneously at high-resolution. Further progress in the
development of the lenses, the detectors, the electron sources and the high-tension supplies enabled
the visualization of objects (biological and crystalline materials) at the atomic scale with both TEM and
STEM. Nowadays, after the invention of aberration correctors achieved in 1998%2, (S)TEM instruments

are capable to achieve a resolution limit of 0.05 hm at an accelerating voltage of 300 kV1%,
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2.2 Electron tomography

Although electron microscopy is a very powerful technique for the characterisation of
nanostructures, it only provides 2D projected information of a 3D object. Clearly, the interpretation
of the morphology of nanomaterials based on a single projection image might be misleading, as shown
in Chapter 1. More specifically, the HAADF-STEM image of the gold nanoparticle in Figure 2.1.a might
suggest a morphology corresponding to a nanostar. However, the actual morphology obtained by
electron tomography corresponds to a truncated nanocube (Figure 2.1.b). The 3D information of the
morphology of nanomaterials is vital to understand their physical properties (optical/photothermal
properties and catalytic activity, e.g.), as highlighted in Chapter 1. Such 3D information can be
obtained by electron tomography. This technique is capable of retrieving the morphology as well as

the inner structure of an object from different 2D projection images using a mathematical algorithm.

Figure 2.1 — (a) HAADF-STEM image of a gold nanoparticle. This 2D image suggests that the
morphology corresponds to a nanostar. (b) Real morphology of the same nanoparticle shown in (a),
obtained by electron tomography. It is clear that the morphology corresponds to a truncated

nanocube. Image courtesy Prof. Dr. Thomas Altantzis.

2.2.1 Basic theory of electron tomography

In 1917, Radon developed a mathematical theory that relates how an object can be
constructed from a series of projections'?*. More specifically, this theory states that a projection pg ()
of an object f(x, y) in real space D, along a direction that is inclined with respect to the reference axis
(x,y) by an angle 8, can be described by the Radon transform R (Figure 2.2). This transform is defined

as the sampling of the object by line integrals through all possible lines L
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pe(r) = Rf =J; f(x,y)ds (2.1)

where ds is the unit of length of L. Alternatively, the object f(x, y) can be retrieved by applying the
inverse Radon transform of a series of different projections pg (r). This concept constitutes the basic
principle of a tomographic reconstruction. Due to the definition of the Radon transform, it is expected
that the intensity of the projection images is a monotonic function of a physical quantity to be

reconstructed. This is known as the projection requirement of tomography.

(@) Y

f(x,y) L

r 9 (X!y)

Pe(r)

®)

Figure 2.2 — (a) Object f (x, y) represented in real space D. The projection pg () of such object can be
obtained through the sampling of the object by solving line integrals of all possible lines L (b). The
orientation of the projection of the function f(x,y) is represented by the grey lines with arrows. By
combining all the possible projections along different angles 6, the object f(x,y) can be fully

recovered.

The Radon operator R transforms the coordinate system of the object, in real space, to the
Radon space (1,0), where [ is the direction perpendicular to the transform direction (projection
direction) and equals to [ = r cos 8, z is parallel to the transform direction (z = rsin8) and 8 is the

projection angle (Figure 2.3.a). For a simpler mathematically description, it is convenient to use polar
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coordinates (r, ¢) instead of the Cartesian coordinates for the representation in real space. The polar

coordinates are definedasr = /x? + y?2and ¢ = tan_l(y/x)-

Figure 2.3 shows that a projection of the complete object in Radon space corresponds to a
line with a sinusoidal shape. Therefore, the projections in Radon space is commonly named a
sinogram. The complete sampling of the object is finally achieved by recording projections along all
possible projections angles, as it is shown for the Shepp-Logan phantom in Figure 2.3.b, in real and

Radon space, respectively.

[ = rcos(0—¢)

X

Figure 2.3 — Geometrical relationship between polar (1, ¢) and Radon (I, 8) space. (a) The trajectory
of the red circle on the right panel corresponds to the dislocation of the red circle of the left panel

(Figure adapted from [*2°]). (b) lllustration of the same principle in (a) for the Shepp-Logan phantom?2®.

2.2.2 Fourier slice theorem

Several methods for the recovery of the object f (x, y) from its projections pg (1) based on the
inverse Radon transform are available. The simplest technique is based on the Fourier slice theorem:
a 1D projection of a 2D object at a given angle 8 corresponds to a line in the Fourier representation of
the same object, which goes through the origin with the same angle 8. When multiple projections

pe(r) are available, multiple lines in a wide range of angles are present in Fourier space. The object
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can be recovered by applying an inverse Fourier transform to the superposition of all projections in

Fourier space. To prove this, the 2D Fourier transform of the object f(x, y) is defined as
+00 400 '
F(u,v) = f f f(x,y)e 2miux+vy) gy gy, (2.2)

A slice of the object Pg(u, v), in Fourier space, for a projection at 8 = 0 is then defined as

+00 400
P 0= [ [ fuyyemsaxdy
+oo [ 400
Py(u,0) = f [f f(x, y)dy] e T2TUX gy (2.3)

+00
Py(u,0) = f po (x)e 2™ ¥ dx

which corresponds to the Fourier transform of the projection pg (x), concluding the proof. Here, (u, v)
is the coordinate system in the Fourier domain. The same analysis can be extrapolated for 2D imaging

and the recovery of the 3D volume.

However, any combination of projections will result in an uneven sampling of the recovered
object, where low frequencies are oversampled in comparison to higher frequencies, as illustrated in
Figure 2.4. Such oversampling at low frequencies is responsible for the blurring effect on the recovered

object, which will be discussed in more details in section 2.4.1.

Projections ¢ Sample  Over sampled
y points

Under sampled

Figure 2.4 — Sampling density of the combination of projections in Fourier space. Regions in darker red

correspond to oversampled areas. Figure extracted from [1%°].
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2.3 Imaging modes for electron tomography

There are several imaging modes available in the electron microscope, as the optical system
can be rearranged into different configurations setups and dedicated detectors can be used. In theory,
all modes could be applied for electron tomography, as long as the projection requirement is fulfilled
(section 2.2.1). This requirement states that the intensity in a projection image should be a monotonic
function of a given physical property of the object under investigation, integrated along its thickness

along the projection direction?®,
2.3.1 Bright Field TEM imaging

In bright field TEM mode, a parallel electron beam interacts with the specimen. The technique
consists of the detection of only the non-scattered wave from the specimen. This mode can be
achieved by inserting the objective aperture in the back focal plane of the objective lens and selecting
only the direct beam of the diffraction pattern. In this manner, only the non-scattered electron wave
that propagates through the TEM column will reach the detection medium. Images recorded under
this condition typically display a bright intensity for regions where the electron beam does not scatter.
By increasing the thickness of the specimen, the density of transmitted electrons decreases, resulting

in the presence of darker grey levels in BF images.

BF-TEM is often used in electron tomography for biological investigations, where the
specimen consists of mostly amorphous structures containing low mass chemical elements in majority
(weakly scattering object) and, consequently, diffraction contrast is practically absent from the
images. Therefore, the intensity of the image will be dominated by the mass-thickness contrast.
However, in the material science field, the specimens under investigation are mainly crystalline
objects and thus, diffraction contrast will be present and the projection requirement will no longer be

valid.
2.3.2 Phase contrast (HRTEM) imaging

Phase contrast is responsible for the interference fringes in high-resolution TEM (HRTEM)
images, which are produced when the electron beam is diffracted by the specimen along different
crystallographic orientations. The nomenclature given to this image mode stems for the interference
pattern formed in the image plane, resulting from the interaction of the scattered waves. This type of
images contains information regarding the position of the atoms in the crystal lattice and are sensitive
to many parameters, such as the crystal orientation of the specimen with respect to the incident
electron beam, thickness of the specimen, thermal instabilities of the specimen and the presence of

aberrations in the electromagnetic lenses. Due to this complexity, the quantification of the position of
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the atomic columns is mostly far from straightforward and requires comparison with HRTEM image
simulations. Besides, only intensities of the emitted electrons by the specimen are recorded and,
consequently, the phase of the wave is lost. Because of the modification of the emitted wave from
the specimen by the aberrations of the electromagnetic lenses in addition to the loss of the phase
information, more advanced techniques are employed for the quantification and analysis of HRTEM
images, such as exit wave reconstruction (EWR). This technique enables the deconvolution of the
information from the specimen and the parameters of the microscope, enabling a direct
interpretation and the recovery of the full emitted wave from the specimen (amplitude and phase).
More details and the use for electron tomography will be given in Chapter 7. Moreover, aberration
correctors are capable to further decrease the presence of the main aberrations by a factor of 103,

greatly improving the resolution and interpretation of phase contrast images.
2.3.3 STEM imaging

Differently from the TEM mode, a focused electron beam interacts with the specimen in STEM
mode. The image is obtained after the beam is scanned across the region of interest. To record
scattered electrons with different angular directions, dedicated detectors can be used, as illustrated
in Figure 2.5. Typical values of the acceptance angles of each type of detector are: (a) 50-190 mrad for
high-angle annular dark field (HAADF) detectors, (b) 10-50 mrad for ADF detectors and (c) 0-10 mrad
for BF detectors'¥. Because the HAADF detector only records electrons scattered at large angles, the
diffraction contrast is mostly eliminated and mainly the incoherent elastic scattered electrons are
recorded. Thus, a contrast variation is observed for different specimen thicknesses, as well as by
changing its chemical composition (due to Coulomb interaction, heavier atoms scatters the electron
at higher angles when compared with lighter atoms). In summary, the mass-thickness contrast
dominates in the image formation process of HAADF-STEM images. The acceptance angles of the
detector can be modified by changing the camera length (distance from the specimen to the projected
image) of the microscope and/or by using another detector with smaller radius and, therefore, smaller
acceptance angles. For detectors with smaller acceptance angles or by the use of larger camera
lengths, contrast variation due to diffraction scattering events is visible. In addition, non-scattered

electrons can be recorded in STEM mode with a BF detector.
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Figure 2.5 — Scheme illustrating the electron scattering by the specimen and detection geometry. A
focused electron beam scans across the region of interest in the specimen and the transmitted

electrons with different scattering angles can be recorded using different detectors.

For sufficiently thin specimens, HAADF-STEM imaging provides an approximately linear
relationship between the image intensity and the mass/thickness of the specimen (for thicker
specimens this statement is no longer valid due to absorption effects from multiple scattering
events)'?®, For gold, the optimal thickness limit is approximately 20 nm. Nevertheless, gold
nanoparticles with sizes larger than 20 nm can still be investigated with electron tomography.
However, for thickness much larger than this limit (few hundreds of nanometres) the deviation from
the linear behaviour of the intensity is more evident. Consequently, artefacts in the reconstruction of
very large gold nanoparticles might arise, due to the violation of the projection requirement®,
Because of the linearity of the image intensity with the information contained in the scattered
electrons, HAADF-STEM imaging is the most preferred image mode for the characterisation of the
morphology of crystalline objects by electron tomography. Additionally, images in the middle-angle
annular dark field (MAADF), low-angle annular dark field (LAADF) and BF-STEM images can be used
for electron tomography, although the quantification of the reconstructed 3D volume is not

completely accurate!® (Chapter 3).
2.3.4 Energy dispersive x-ray (EDX) spectroscopy

Typically, the information of the chemical composition of specimens can be obtained from
HAADF-STEM imaging, when the difference of the atomic masses of the chemical species are
sufficiently large to be visualized on a single image. However, when the chemical elements have very

similar atomic masses, spectroscopic methods are required to properly characterize the chemical
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nature of the specimen. Such information can therefore be retrieved from the combination of energy
dispersive x-ray spectroscopy and electron microscopy'’1912% To retrieve the chemical information
of the investigated specimen, STEM is often used. To record the x-ray signal emitted after inelastic
scattering events, semiconductor based detectors are employed. Upon interaction between the
emitted x-rays and the detector, electron-hole pairs are created and, subsequently, translated by the
detector as charge pulses. As the x-ray energies are well above 1 keV, several electron-hole pairs are
generated and the quantity is directly proportional to the energy of the detected x-ray.
Conventionally, microscopes are equipped with one silicon-drift detector and the collection efficiency
is very poor, where only 1% of all x-rays are detected. To overcome this limitation, a Super-X detector
can be used. The detector consists of four detectors as illustrated in Figure 2.6.a%°. One of the main
advantages of this setup is the possibility of an efficient acquisition of spectral maps, where each pixel
from the region of interest will have an energy spectrum assigned to it (Figure 2.6.b). This spectrum
can be fitted along the complete region of interest, resulting in a 2D chemical map of the region of
interest, as illustrated in Figure 2.6.c for an iron-cobalt nanodumbbell. Moreover, to obtain results
with statistical relevance, several scans over the region of interest are required to enable a higher

signal-to-noise ratio.
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Figure 2.6 — (a) Design of the Super-X detector (blue) for the detection of x-rays emitted by the
specimen (orange). (b) Typical spectrum obtained by EDX spectroscopy of an iron/cobalt
nanodumbbell. (c) HAADF-STEM image and 2D chemical maps (iron, cobalt and the superposition of

both) of the same nanodumbbells investigated in (b).
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To quantify the chemical composition of the spectral map of a given element present in the
specimen, different methods for the quantification of the energy spectrum can be applied, such as the
Cliff-Lorimer ratio technique!®®3132 and the (-factor’®. Recent studies in our laboratory have
demonstrated that a technique based on the combination of the (-factor methodology with 3D
characterisation of nanomaterials provides more accurate quantification of spectral maps in

comparison to the Cliff-Lorimer ratio**,

The EDX spectroscopic technique can be extended to three-dimensions, since the x-ray
detection is proportional to the volume of the chemical element in the specimen and therefore the
projection requirement is fulfilled®3>. Typically, EDX maps are only acquired for a few projections, due
to the long exposure time needed for an acquisition of a spectral map and, in this manner, prevent
structural modifications from radiation damage. Generally, a tomographic series based on the HAADF-
STEM mode is acquired over the full tilt range and combined with the spectroscopic data during the

tomographic reconstruction07:109,
2.3.5 Electron energy loss spectroscopy (EELS)

Because the energy resolution obtained with EDX detectors is very limited and due to the
presence of a high signal-to-noise ratio, alternative methods are required to analyse scattered
electrons with smaller energy losses. Therefore, the energy loss of the inelastic scattered electrons by
the specimen associated with core excitation can be directly measured by electron energy loss
spectroscopy (EELS). Prior to reaching the final detectors, the electrons are first dispersed by a
magnetic prism (Figure 2.7.a). Electrons with lower energies than the primary beam move slower
through the magnetic field and are bent upwards, resulting in the dispersion of electrons with
different energy losses. A slit is placed after the magnetic prism and only the electrons with a specific
energy range will be recorded. Subsequently, the energy dispersion is magnified by post prism
electromagnetic lenses. Differently from EDX spectroscopy, the detector used in EELS is a serial
detector. Thus, the spectrum acquisition over the region of interest consists of a single acquisition.
Similar to EDX spectroscopy, the energy spectrum formed at the dispersion plane is acquired pixel-by-
pixel over the region of interest (Figure 2.7.b) and can be fitted to the same region, yielding a 2D
chemical map of the specimen for core loss events, or the magnitude of the electric field distribution
of the induced plasmon modes at the specimen. Moreover, the information regarding the non-
scattered electrons through the specimen are contained in the zero loss peak, which is of great
importance for the proper alignment of the EELS system and determination of the energy spread of
the electron beam (which corresponds to the full width at high maximum- FWHM of the zero loss

peak).
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Figure 2.7 — (a) Setup of an energy loss electron spectrometer (Figure adapted from [*3¢]). (b) Typical
energy loss spectrum showing typical features, such as the zero loss peak corresponding to
transmitted electrons through the specimen, the plasmon frequency and the chemical fingerprint of

the material in the core loss edge. Image extracted from [**7].

Since this methodology is very sensitive to small energy variation of the electrons, it is vital
that the energy spread of the electrons from the gun system of the microscope is minimal. Thus,
monochromators are largely employed for spectroscopic analysis based on EELS, as they can improve
the energy resolution from 1 eV to 0.1 eV, for microscopes equipped with FEG’s. The monochromator
often consists of a Wien filter (for ThermoFisher microscopes), where electric and magnetic fields are
created that induce competing forces on the passing electron beam. These fields are calibrated in a
way that only electrons with a specific velocity will not be deflected. At the end of the monochromator,

an aperture is placed to block the deflected electrons with different velocities.

EELS tomography is largely employed for the 3D characterisation of nanomaterials, since it
allows the investigation of the chemical nature and the oxidation states of different specimens®!3,
Again, the projection requirement for tomography is fulfilled'%®%, as the detection of electrons with
a specific energy loss is proportional to the volume of a given chemical element. Although the

projection requirement for a single projection of a plasmon map is fulfilled, the implementation of a

— 2
tomographic experiment for the recovery of the 3D electric field distribution (|EZ| ) associated with
a given plasmon mode is not straightforward. This stems to the fact that the coordinate system of the
electric field is not rotated simultaneously with the coordinate system of the nanoparticle during the

acquisition of a tomographic series!3%-142,
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2.4  Electron tomography in practice

2.4.1 Image acquisition and processing

Conventionally, a series of different projection images is acquired by discretely tilting the
specimen inside the instrument, as illustrated in Figure 2.8. Due to the design of the instrument, the
holder with the specimen can only rotate until a maximum angle 8 to avoid a collision with the
polepieces of the objective lens, as shown in Figure 2.9a. Moreover, the TEM holder, on which the grid
containing the specimen is mounted, can also induce a shadowing effect as illustrated in Figure 2.9.b,

reducing the number of projections that can be recorded even further.
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Figure 2.8 —(a) Geometry of the acquisition of series of projection images inside the microscope (single

tilt acquisition scheme) and (b) obtained projection images of gold nanorods.
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Figure 2.9 — (a) Geometry of the rotation angle limit of the holder in between the polepieces of the
objective lens. (b) Geometry of the shadowing effect of the electron beam by the holder. Image

adapted from [*#].

The Fourier slice theorem showed that the resolution of the reconstruction is intrinsically

connected to the number of projections available, as well as the angle range of the tomographic series.
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Thus, the limitations on the angle range will impact the quality of the reconstructed object, introducing
the so-called missing wedge artefacts (Figure 2.10). When in real space, the object will display
elongations along the direction of the missing projections, as illustrated at the top row of Figure 2.10.
A Fourier representation of the object revealed an incomplete sampling of the object, as illustrated in
the bottom row of Figure 2.10. In order to minimize this effect, dedicated tomography holders with
smaller dimensions have been developed, allowing a large tilt range for the acquisition (approximately
from -76° to +76° depending on the exact electron microscope. Other possibilities involve the
acquisition of a dual axis tomography series, to further minimize the presence of the missing wedge
artefacts*?1%3, However, the reconstruction of such series is far from straightforward. Additionally,
the use of a dedicated holder for pillar structures enables the acquisition of a tomographic series with

a full tilt angle range (from -90° to +90°)%*4,

Original object -90° to +90° -70° to +70° -50° to +50° -30° to +30° -10° to +10°

010000

Figure 2.10 — Missing wedge artefact observed for different ranges of tilt angles of the Shepp-Logan

phantom object, in real and Fourier space. The tilt step between each projection is 1°. For an enhanced
visibility, the fast Fourier transform (FFT) is displayed for each case, where the missing wedge can

clearly be seen.

Besides the tilt range, the tilt step between every projection is another key parameter of the
resolution of the reconstructed object. For instance, Figure 2.11 shows reconstructions obtained with
the same tilt range (from -90° to +90°) with different tilt steps. More specifically, undersampling starts
at higher frequencies for smaller steps (e.g. 3° step) until it fills the complete frequency domain (10°
step). Larger tilt steps result in a larger blurring of the reconstructed object in real space, hampering
the visualization and quantification of small features in the reconstructed object. Analysis in the
Fourier domain revealed the presence of undersampling for increasing tilt step. Conventionally,
electron tomography series are acquired with a tilt step of 1-2°, as most of the information can still be

recovered!®.
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Figure 2.11 — lllustration of artefacts generated by undersampling when the tilt step increment is
increased and the total number of projections is decreased. The tilt range was fixed for all cases,

starting at -90° up to +90°. For increasing tilt step, an undersampling was observed in Fourier space.

Different acquisition schemes for electron tomography are available. The conventional
methodology corresponds to a single image acquisition in HAADF-STEM mode for each projection
angle (as described in the beginning of this section), with a typical dwell time in the range of 3to 6 us
(frame acquisition of approximately 4 to 8s). The dwell time is defined at the period of time where the
electron beam is stationary on the scan position'*. The multiplication of the dwell time by the total
number of pixels in the image results in the total time the specimen was irradiated by the electron
beam. However, the frame time is often larger than the total time the specimen was illuminated, due

to the synchronization effects of the electron beam.

Additionally, multiple frames can be acquired for each projection, where the acquisition time
for each frame can be further reduced (as low as 1s, with dwell time of 0.4 us). The alignment of all
frames for a single projection followed by image summation allows the minimization of blurring effects
in the image caused by a constant drift of the specimen during STEM investigations, which is critical

for atomic resolution investigations.

A different approach for the acquisition of a tomographic series consists in the image recording

d*, where hundreds of

of the object under investigation while the holder is continuously rotate
frames are acquired during the process. The rotation speed of the goniometer is chosen to ensure a
good ratio between speed and image quality'?’. The total acquisition time for a tomographic series
can be reduced from typically 1 hour to 6 minutes, when comparing conventional to fast acquisition
schemes!¥. Typically, the acquisition time required for each frame in the tomographic series is

relatively low (1s per frame). As a consequence of the reduced acquisition time, more tomographic

series can be recorded in the period of 1 hour when using the fast acquisition scheme. Therefore, the
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fast approach enables the acquisition of tomographic series of nanomaterials with higher throughput

than conventional acquisition techniques.

One of the challenges of the acquisition of fast tomographic series consists in the tracking (x-
and y-direction of the stage) and re-focusing (z-direction of the stage) of the nanoparticle during the
acquisition, since a displacement of the particle always take place in the x-, y- and z-direction of the
stage after tilting the goniometer. Differently from the conventional acquisition of a tomographic
series in which the stage is manually re-centred in all directions prior to the acquisition of a new
projection image, this process occurs simultaneously with the image acquisition in the fast
tomography approach. For this reason, frames containing motion-blurring effects are often present in
the tomographic series. However, those images containing the aforementioned artefacts only
represents a fraction of the total number of projection images (50 images from a total of 360

147

frames)'*’ and their removal from the series prior to the tomographic reconstruction does not affect

the quality of the final result!¥’,

The next step to retrieve the 3D structure of the specimen under investigation is the image
alignment. As already mentioned, during the acquisition of a tomographic series, the region of interest
might be shifted by several nanometres after tilting the holder. Since the precision of modern
goniometers is in the range of tens of nanometres, a residual shift between consecutive images in a
tomographic series will always be present. By a manual re-centring of the stage or by using an
automatic software for a series acquisition, the object can be brought to the field of view. Still, a
residual shift of a few nanometres will be present between two projection images. Thus, to obtain an
accurate 3D representation of the specimen, it is vital that the series of projection images is aligned
and, if possible, with subpixel precision. Often a cross-correlation function is applied to measure the
degree of similarity between two consecutive images, resulting in the determination of the shift

difference between each image.

Next, the tilt axis needs to be adjusted in a specific manner prior to the tomographic
reconstruction. To find the optimal tilt axis of the tomography series, a procedure involving the
reconstruction of three slices along the object (at the top, middle and bottom) is applied, revealing
the presence of arc artefacts on the reconstructed slices, as illustrated in Figure 2.12. For a
misalignment of the position of the tilt axis, an arc is observed in all slices, pointing to the same
direction (Figure 2.12.b). For a rotation of the tilt axis, only slices above and below the central slice
show the presence of arc artefacts, pointing in opposite directions (Figure 2.12.c). Conventionally, the

arc artefacts can be minimized during the data processing step by manually modifying the position
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and inclination of the tilt axis. Finally, the series of aligned images can be used as input for the

tomographic reconstruction.

Current projection Top reconstructed slice

(a)

Figure 2.12 — Alignment of the tit axis of a tomographic series. The blue lines on the projection images
represent the tilt axis, whereas the red lines indicate the location of the reconstructed slices. In (a),
no artefacts are observed in the reconstructed slices due to the correct alignment of the tilt axis. In
(b), a shift of the tilt axis results in the creation of arc artefacts in all reconstruction slices, always
pointing to the same direction. In (c), an incorrect rotation of the tilt axis results in the formation of
arc artefacts predominantly on the furthest slices from the central slice. In this case, the arc possesses
an opposite direction for slices above the central slice in comparison to slices below than the central

slice.

2.4.2 Reconstruction methods

Following the discussion of section 2.2.2: Fourier slice theorem, the tomographic reconstruction
can also be performed in real space. A commonly used technique is the direct back-projection (BP)
with a working principle similar to the Fourier slice theorem, but performed in real space. Again, the

same limitation on the unevenness of the sampling is observed. The blurring caused by the uneven
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sampling can be minimized by applying weighting filters, which will interpolate the missing sample
points in the Fourier domain. This modified technique is known as weight back-projection (WBP) and
it is largely employed for medical CAT reconstructions, where a set of projection images over all

projection angles is available.

For cases where a large number of projection angles is not available, WBP yields reconstructions
with poor quality due to insufficient sampling. To overcome such limitation, iterative methods are
employed. A commonly used technique is the simultaneous iterative reconstruction technique (SIRT),
which consists on the refinement of the reconstruction at each iteration by solving the minimization
problem £ = argmin,||Ax — b||3 (x is the vector that represents the reconstructed object, 4 is the
projector operator and b is the vector that represents the projection images). The first iteration is
obtained by applying the back projection method. Subsequently, images based on the first
reconstructed volume are generated at the same projection angles and compared with the input
images for the reconstruction. The relative error, or residual, between the input and the generated
projection image is computed simultaneously for each tilt angle and applied to generate a new
reconstructed volume. This procedure is repeated until convergence for the minimization of the

residual is reached, as illustrated in Figure 2.13.
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Figure 2.13 — Flowchart illustrating the iterative process (blue boxes) of the SIRT reconstruction

technique.

2.4.3 3D visualization

The interpretation of the 3D reconstruction is crucial for the proper characterisation of the
investigated object and it can be achieved by different means of visualization. The simplest approach
is to display slices through the 3D reconstruction, as shown in Figure 2.14.a. This method reveals the
distribution of intensities within the reconstruction, allowing the characterisation of not only the
surface of the object, but also of its internal structure. Alternatively, the 3D morphology can be
visualized through a 3D rendering based techniques that consists of the conversion of the data into
visual display by the addition of texture, depth, perspective, lightning and shadowing effects. For
instance, a surface rendering can be created for the visualization of the object using the isosurface
method, which involves the selection of a threshold intensity and the generation of a polygon based
on the chosen threshold (Figure 2.14.b). This method allows the simultaneous visualization of regions
with different grey level distribution that are higher than the threshold value. Additionally, for the
visualization of the complete 3D object, volume rendering based on the summation of every voxel (3D

pixel) at arbitrary angles can also be applied (Figure 2.14.c).
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Figure 2.14 — (a) Visualization of a slice through the 3D reconstruction of a gold and silver core shell
structure obtained in HAADF-STEM mode. The variation of grey levels indicates the variation of the
chemical composition of the object. (b) Surface renderings of the same object, where the red surface
correspond to the threshold value was applied to the brighter region in the centre of (a) and the green

to the lighter grey value. (c) 3D volume rending of the same object.

2.5 Advanced 3D characterisation of nanoparticles by electron tomography

2.5.1 Electron tomography at the atomic level

Electron tomography became a powerful tool to investigate the morphology, the 3D structure
and the composition of a broad range of materials at the nanometre level. However, further progress
is required. For example, during my PhD research, the atomic structure of metallic nanoparticles

containing defects was investigated, where the use of atomic scale tomography is fundamental.

One example of investigation of the characterisation of the atomic structure in 3D was based
on two HAADF-STEM images acquired from a 3 nm silver nanoparticle embedded in an aluminium
matrix along different zone axes. Using statistical parameter estimation theory, the number of atoms
in each atomic column was retrieved. Afterwards, discrete tomography was used to combine the
counting results into a 3D reconstruction with atomic resolution*!. It was hereby assumed that the
symmetry of the atomic lattice is known and that all atom positions are fixed on a grid. This technique
allows the characterization of nanostructures that might be sensitive towards the electron beam, since
the number of HAADF-STEM images required for the recovery of the 3D atomic structure of the object
under investigation can be very small (2 images). In this manner, structural modification of the
nanomaterial due to the interaction with the electron beam can be minimized. However, this
technique assumes that the position of the atoms are fixed in the atom grid, preventing a further
characterization of possible strain or defects present in the crystal lattice of the object under

investigation.
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Alternatively, Goris et al**® proposed a methodology capable of retrieving the atomic positions
based on a limited number of high-resolution HAADF-STEM images along main crystallographic zone
axis. The 3D atomic structure was recovered from a compressive sensing reconstruction technique,
where the sparsity of the object was assumed (only voxels containing an atom will be non-zero and
the remaining corresponds to empty space). In order to minimize the missing wedge artefacts from
the very limited number of projections, prior knowledge of the shape of the object is obtained from
an electron tomography experiment at the nanoscale and subsequently incorporated during the 3D
reconstruction. The use of this technique is also beneficial to nanostructures that are sensitive towards
the electron beam, as the number of projection images with atomic resolution required to provide the
3D atomic structure is again very small. Moreover, due to the absence of assumptions of the position
of the atoms during the tomographic reconstruction, this technique enabled the investigation of the
presence of strain in the atomic lattice by extending Geometrical Phase Analysis (GPA) to 3D. Still, an
acquisition of a full tomographic series at lower magnifications is required to provide the prior
information of the morphology of the object under investigation. For extremely beam sensitive
nanostructures, this step can be challenging. However, the use of more advanced acquisition schemes
for electron tomography can be beneficial for the determination of the required prior information,

147 and TEM tomography'*. Another challenge for the use of this technique

such as fast tomography
consists in the characterization of polycrystalline nanostructures, where it might not be possible to
perform the acquisition of a STEM image where all regions of the object under investigation is

orientated along zone axis.

Another methodology has been proposed where the use of the prior information of the shape
is not required®3, In this study, the 3D atomic structure of gold nanodecahedron was obtained from
a continuous tilt series of high-resolution images in combination with the assumption that the atomic

113 As a result, the coordinates of each atom of

potential could be modelled with 3D Gaussian spheres
the object were directly retrieved together with the 3D atomic structure, allowing the determination
of the 3D displacement maps for strain analysis. In this technique, no assumption are made in regard
to the crystal lattice of the object under investigation, at the expense of computational costs and

complexity.

Additionally, for nanomaterials that contain unknown defects, the determination of prior
information is not always straightforward. Therefore, the state-of-art techniques for electron
tomography at the atomic level cannot be applied in a routinely manner for the characterization of
nanomaterials containing unknown structural defects. Recently, a new methodology has been
developed at EMAT, where the optimization of the acquisition in combination with the improvements

of image processing and alignhment made possible to obtain the atomic structure of nanomaterials
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using SIRT without the use of any prior knowledge about the structure of the material*®. This

technique will be discussed in deeper details in Chapter 4 and Appendix A.
2.5.2 In-situ electron tomography

Although advanced (S)TEM techniques provide valuable information in 2D and 3D of
nanomaterials, it only represents their static behaviour, where the investigations are carried out at
the conventional conditions in a TEM (room-temperature and high-vacuum). For instance, chemical
reactions at the surface of nanoparticles, phase transformations at high or even varying
pressure/temperature and nucleation/growth events are of great importance for the engineering of
nanomaterials for various applications and cannot be addressed by using (S)TEM techniques at fixed
environmental conditions'®'. Therefore, the characterisation of nanomaterials under realistic
conditions that resemble their true environment is of great importance. Recent advances in the TEM
holders’ technologies during the past decade enabled the 2D characterisation of nanomaterials in real
time under real conditions stimuli, such as the presence of gaseous, liquid, thermal or electrical

environment®>1152,

Expanding such investigations to 3D is a real challenge and recently this has been an important
topic at EMAT. Recent examples of insights on the 3D dynamical behaviour of nanomaterials obtained
with state-of-the-art techniques for in-situ (S)TEM are: (a) investigation of the shape transformation
in 3D of anisotropic nanoparticles induced by increasing temperature environments>>%4; (b) the
understanding of 3D elemental diffusion of individual anisotropic gold-palladium core-shell
nanostructures upon increasing temperature, enabled by the use of advanced in-situ heating holders
in combination with advanced electron tomography techniques®®>; and (c) evolution of surface facets
in platinum nanoparticles upon flow of selected gases (H; and O,) enabled by the use of gas cell holders
in combination with advanced techniques of electron tomography at the atomic level™®,

corresponding to the first step towards to the comprehension of the relationship between the

morphology and catalytic activity of nanoparticles.

It is clear that in-situ characterisation of nanomaterials is essential to overcome the barriers
of the characterisation of model-like settings and make the transition to realistic conditions.
Therefore, during my PhD research | characterized the dynamics of nanoparticles upon increasing
temperature environment in 3D. For this purpose, a dedicated tomography in-situ heating
tomography holder from DENSsolutions, equipped with a Micro-Electro-Mechanical Systems (MEMS)
chips, was employed (Figure 2.15). To control the temperature that the system achieves, an external
computer in combination with a heating unit is employed, as illustrated in Figure 2.15. The MEMS chip

contains regions with an electron transparent thin layer of Silicon Nitride, where the specimen is drop-
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casted (Figure 2.15.c). Often, to avoid effects of charge accumulation, a thin layer of carbon (3-10 nm)
is deposited on the bottom of the chip. Due to the geometry of the holder, a tilt range of £80° can be

reached.

) (@

300pm

Figure 2.15 — (a) Complete package of the W.ildfire in-situ tomography heating holder from
DENSsolutions, containing a dedicated computer with devoted software for the heat control, heat
control unit, holder and MEMs chips. (b)Detailed view of the tip of the holder, revealing the geometry
of the MEMS chip. In (c) a scheme of the distribution of the contacts in green is shown. The dark lines
inside the research area corresponds to the windows coated with a silicon nitride think layer, where

the specimen is deposited. Figure adapted from [**51%7].

2.6 Electron tomography strategies employed in the present thesis

Different approaches for electron tomography will be applied to a variety of complex
nanostructures in the following chapters. More specifically, electron tomography based on different
STEM signals will be used for the characterization of the morphology, inner structure and defects of
different nanoparticles. The 3D structure of beam sensitive nanomaterials will be retrieved from a
combination of low dose TEM imaging and electron tomography. Moreover, electron tomography
experiments will be performed at increasing temperature conditions in one of the following chapters,
to reveal the dynamical behaviour of the structure. Finally, two different approaches for electron
tomography at the atomic level will be explored for a thorough 3D characterization of nanomaterials.
More specifically, an approach based on the HAADF-STEM signhal combined with optimized acquisition
conditions and dedicated image processing will be used to retrieve the atomic structure of different
nanoparticles, while another approach based on phase contrast images at low dose conditions will be

experimentally implemented for the 3D characterization of beam sensitive nanomaterials.
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Chapter 3. Understanding the effect of seed size and crystal defects on

gold nanoparticle seeded growth by using advanced TEM

3.1 Introduction of seed-mediated growth

New synthesis protocols have been developed in the past decades to enable a better control
over synthesis of nanomaterials leading to a high monodispersity yield in size, shape and
crystallinity?®3%158-161 One of the main aspects related to the bottom-up growth of nanomaterials, is
the nucleation step. This process can be either homogeneous or heterogeneous, where the first
corresponds to a self-assembly of ions, atoms or molecules in solution into small crystals that are

162-

capable of spontaneous growth in an unstable liquid phase!®?%%, This is the principle behind
procedures referred to as one-step growth of nanomaterials. Unfortunately, the synthesis of large
gold nanoparticles (> 50 nm) using the one step growth results in a high polydispersity in size and
shape, due to the overlap of nucleation and growth mechanisms?>*°, Thus, protocols that enable
better control over the size and shape of nanomaterials are required. Such control during synthesis
can be achieved by using the seed-mediated growth technique, a heterogeneous process that is one
of the most reliable methodologies to control the shape, size and crystallinity of the overgrown
structure with a high monodispersity yield?>3%158-161 The seed mediated synthesis process is divided
in three steps: (a) nucleation from atoms formed by reduction of metal salts; (b) the evolution of the
nuclei into seeds; and (c) subsequent growth of larger structures in a supersaturated medium
containing metal precursors, reducing agents and shape-directing reagents?>-31165166 (Figyre 3.1). The
advantage of this method is that during the growth of the final products, the final shape of the
overgrown structures can be modulated by including shape-directing additives to the supersaturated
solution, as they typically inhibit crystal growth on certain facets through selective adsorption of the

metal precursors, e.g. 21657167,
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Figure 3.1 — General strategy used for the seed-mediated growth of colloidal metal nanocrystals. A
precursor solution is injected into a vessel containing a mixture of seeds, reductant, capping agent,
and colloidal stabilizer. The metal precursor is reduced (or decomposed) to form zerovalent atoms,
which then heterogeneously nucleate on the surface of the seeds. Continued growth of the seeds,
through one of the many possible pathways, results in the formation of well-defined nanocrystals.

Figure extracted from [*].

The ability to control the morphological properties of the overgrown products with a high
monodispersity is directly associated with the use of different types of seeds and by the meticulously

29-31158-161 More specifically, it has been shown that the shape

manipulation of the growth conditions
and crystallinity of the final nanoparticles are influenced by the crystallinity of the seeds?%3033-35167-
185 For example, the use of single crystalline seeds leads to the growth of octahedral, orthogonal rods,
cubes, rectangular bars, or cuboctahedra nanoparticles; seeds that contain a single twin boundary
resulted in the formation of bipyramids; and, finally seeds with multiple twin boundaries lead to the

synthesis of decahedra, icosahedra and penta-twinned nanorods/nanowires ( Figure 3.2)?9165170,
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Figure 3.2 — Reaction pathways that lead to face-centred-cubic (fcc) metal nanocrystals having
different shapes. First, a metal precursor is reduced or decomposed to form the nuclei. Once the nuclei
have grown past a certain size, they become seeds with a single-crystal, mono-twinned, or multiply
twinned structure. The green and orange colours represent the {100} and {111} facets, respectively.

Twin planes are delineated in the drawing with red lines. Figure adapted from [%%°]

During the past two decades, growth conditions of gold nanoparticles have been meticulously
optimized, but the protocols for the original seed preparation remained unaltered'®®. Because of the
intrinsic relationship between the shape of the final product and the crystallinity of the seeds, new
approaches focusing on the optimization of the seeds are of great interest. Recently, a new protocol
based on a top-down oxidative etching approach of nanorods (mono-crystalline) and nanotriangles
(mono-twinned) was developed to produce spherical seeds with a better control on the quantity of
defects in the crystal structure3?. The motivation behind this chapter is to understand how the size of
the seeds and the presence of structural defects in the seeds could further influence growth into
certain shapes. In this manner, we aim to contribute to a rational improvement of synthesis protocols

for gold nanoparticles®?.
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3.2 From nanorods and nanotriangles to spherical seeds by oxidative etching

Oxidative etching procedures can lead to atomic subtraction®®170171 Here, this approach was
used to produce seeds from single crystalline gold nanorods (average length of 59 + 5 nm and average
diameter of 25 + 2 nm) and mono-twinned gold nanotriangles (average edge length of 59 + 3 nm). The
monodispersed spherical seeds were obtained from nanorods and nanotriangles by using Au(lll) as
oxidizing agent. Upon centrifugation, nanotriangles and nanorods were suspended in 4 L of an
aqueous solution of 25 mM cetyltrimethylammonium chloride (CTAC) and 10 mM NaBr. The
concentration in Au(0) (estimated using the absorbance at 400 nm) was set at 0.2 mM?*2
Subsequently, an amount of 0.05 M Au(lll) solution was added under vigorous stirring (final
Au(0):Au(lll) molar ratio of 4:1). The reaction was then gently stirred at 30°C until oxidation was
completed (absorbance at 400 nm decreased by ca. 50%)*’2. Finally, the mixture was centrifuged (1h
at increasing rpm as the number of oxidation cycles increases, from 8000 to 13000 rpm), the
supernatant was discarded and the precipitate re-dispersed in 25 mM CTAC solution. The entire
process was repeated several times until the desired size was achieved. More precisely, four and seven
oxidation cycles resulted in spherical gold seeds with diameters of 20 and 12 nm, respectively (Figure
3.3). An additional centrifugation step (2h at 2000 rpm for 20 nm seeds; 6000 rpm for 12 nm seeds)
was performed to remove large particles that were not sufficiently etched. The final concentration of
nanoparticles was fixed to 1.02x107 nanoparticles per litre. A higher dispersity in size was observed
for 12 nm seeds (seven cycles) in comparison to seeds with sizes of 20 nm (four cycles). The different

nano-systems in this study are summarized in Table 3-1.
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Figure 3.3 — (a) Schematic representation of the experimental procedure: an oxidative etch approach
is applied to single crystalline nanorods and mono-twinned nanotriangles, resulting in the formation
of spherical seeds without and with structural defects, respectively. The shape of the final product is
linked with the crystallinity of the seeds. (b)-(d) TEM images of the starting nanotriangles (b) and
nanorods (e). The obtained seeds after the iterative oxidation etching for four cycles (20 nm) from the
nanotriangles (c) and nanorods (f), as well as, for seven cycles (12 nm) from nanotriangles (d) and

nanorods (g). Figure extracted from [*2].

Shape prior to the Size of the Nur.nbe.r of Size of the
L . oxidative Nomenclature
oxidation etch nanoparticle (nm) . seed (nm)
etching cycles
Nanorod Length: 595 7 12+1 12NR
Nanorod Diameter: 25+ 2 4 20+1 20NR
Nanotriangle Edge length: 7 12+2 12NT
Nanotriangle 59+3 4 20+1 20NT

Table 3-1 — Table summarizing the nomenclature of the systems under investigation in this chapter.
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3.3 Characterisation of seed size and crystal structure

To investigate the presence of structural defects, aberration-corrected HAADF-STEM imaging
was performed using an aberration corrected ‘cubed’ ThermoFisher Titan microscope, operated at
300 kV. Figure 3.4 displays an example of a 12 nm seed originated from nanorods (12NR) and
nanotriangles (12NT), respectively. High-resolution HAADF-STEM imaging of 13 particles revealed that
all seeds originated from nanorods (12NR and 20NR) are single crystalline, whereas the seeds

originated from nanotriangles (12NT and 20NT) showed the presence of twin planes.

Figure 3.4 — High-resolution HAADF-STEM image of 12 nm seeds originated from (a) nanorods (12NR)
and (b) nanotriangles (12NT).

The investigation of defects from high-resolution images requires orientation of the
nanoparticle into a main crystallographic zone axis. Since this process is very time consuming, this
technique is not suitable to obtain a statistically relevant distribution of the defect yield for each
system, which is necessary to understand the connection between the presence of defects in the seeds
and the final overgrown structure. BF-TEM images at lower magnifications show the presence of
diffraction contrast, from which the presence of defects can be evaluated in principle. However, an
intense contrast variation was observed in Figure 3.3.b-g, hampering a quantification of the defect
yield. To overcome this limitation, ADF-STEM image was employed. By varying the camera length of
the microscope, the contrast variation due to diffraction effects can be tuned, as demonstrated in

Figure 3.5.
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Figure 3.5 - STEM images of polycrystalline gold nanoparticles acquired using an HAADF detector, with
varying camera lengths. An increase of the camera length results in a decrease in the scattering angle
of the emitted electrons, enabling an optimized visualization of features associated with diffraction
contrast. The specimen used for this image does not correspond to any of the nanomaterials
mentioned in this chapter. The choice of nanomaterials for this image is merely to illustrate the

presence of diffraction contrast for increasing camera length.

Although the diffraction contrast is very clear, a single projection image might not be sufficient
to count the total number of particles containing defects, since the appearance of diffraction contrast
is correlated with the crystallographic orientation of the nanoparticles with respect to the electron
beam. For cases where the defect boundary plane is oriented parallel to the support film, the
visualization of the defect is no longer possible (Figure 3.6.a,c). To enable the visualization of the
diffraction contrast associated with the defect for the aforementioned condition, a rotation of 45° of
the specimen stage can be applied, revealing the desired feature (Figure 3.6.b,d). Therefore, a tilt
series of ADF-STEM images were acquired over an angular range from -50° to +50° for the statistical
analysis of the defect yield. Besides, the angular range of 100° enables the rotation of the crystal lattice
along at least on the main zone axes (e.g., [110] and [100]) of gold nanostructures, which can enhance
the visualization of diffraction contrast due to the channelling effect’’®. The association of such
contrast variation with the presence of defects is evaluated by the analysis of consecutive images,
where a consistent variation of the contrast variation in nanoparticles along consecutive images is
expected (e.g., the rotation of the defect line will be similar to the rotation of the specimen), as

illustrated in Figure 3.7.
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Figure 3.6 — Scheme for the visualization of the defect (brown line) at 0° and after rotation of the
stage of 45° shown with lateral and top view perspectives. For cases where the nanoparticle is oriented
with the defect boundary plane perpendicular to the electron beam, the visualization of the defect is
not possible with ADF-STEM imaging (a), (c). The visualization of defect becomes evident after a

rotation of 45° degrees is applied (b), (d).
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Figure 3.7 — ADF-STEM images of 12NT seeds for different tilt angles. A contrast variation in some
nanoparticles is observed for different tilt angles. The red arrows indicate the nanoparticles with

diffraction contrast due to the presence of a structural defect.

The error associated with such statistical analysis was very small (around 1%), as it has been
observed in recent studies®2. The statistical analysis of the defect yield proposed here was compared
with statistical analysis of 2D TEM images of core-shell nanostructures overgrown from the same
nanospheres investigated in this chapter, as shown in Table 3-2. The morphology of the overgrown
structure is directly connected with the crystallinity of the seeds, as it will be demonstrated in section
3.4. Therefore, a comparison of the percentage of defect yield and the percentage of the number of

particles with the same morphology shown in Table 3-2 revealed that only a difference of 1% was
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observed for 20NT nanoseeds. For all the other cases, the statistical analysis presented a good match.
Since the error bar is relatively small, structural defects in nanoparticles can be reliably identified

through the analysis of tilt series of ADF-STEM images.

Single-crystalline:mono- Single-crystalline:mono-
Nanoseeds twinned (%) twinned (%)
ADF-STEM images Core-shell structures
12NT 71:29 71:29
12NR 99:1 99:1
20NT 49:51 48:52
20NR 99:1 99:1

Table 3-2: Crystal structure characterisation of the four nanoseeds, comparing results obtained for the
nanoseeds before (ADF-STEM) and after (TEM) overgrown of core-shell nanostructures. For each

sample, at least 300 nanoparticles were measured. Table adapted from [*2].

Several tilt series ranging from -50° to +50° and tilt increment of 5° were acquired for each
seeds type using a ThermoFisher Tecnai G2 microscope operated at 200 kV with a camera length of
490 mm. A typical example of ADF-STEM image for each system at 0° is shown in Figure 3.8. The red

arrows indicate the features associated with structural defects.
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Figure 3.8 — ADF-STEM images of spherical seeds from (a), (b) nanorods and (c), (d) nanotriangles, with
sizes of 12 and 20 nm, respectively. The red arrows in (c) and (d) indicates the contrast variation due

to the presence of defects.

The resulting statistical distribution of the defect yield for each system is presented in Figure
3.9. Because the nanorods from which the 12NR and 20NR seeds originated were single crystalline, it
is not surprising that also the majority of the resulting seeds after oxidative etching after four and
seven cycles were single crystalline (99% of the total). For seeds originated from nanotriangles after
four cycles (20NT), 51% of the nanoparticles showed the presence of defects. However, for the smaller
seeds obtained from nanotriangles after seven cycles (12NT), the percentage of mono-twinned seeds
was found to be equal to 29%. This finding confirms that oxidative etching process can be used to

remove twin-defects from the gold particles, as previously reported for silver nanoparticles32166171,
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Figure 3.9 — Statistical distribution of the total number of defects present in the crystal structure of
the four types of spherical seeds based on a 2D analysis. Insets on top left represent a 3D
reconstruction of a typical nanorod and a typical nanotriangle, respectively. Nanotriangle: image

courtesy from Dr. Eva Bladt'’4.

3.4 Characterisation of overgrown structures

To investigate how the crystallinity of the seeds affects the shape of the final product, first a
core-shell structure of silver and gold was synthesized. The main advantage of using silver instead of
gold for the overgrowth is the possibility to visualize the seed and the overgrown structure in HAADF-
STEM mode simultaneously. Electron tomography was applied to the silver overgrown structures
based on 12NR and 20NT seeds. In this manner, we can understand the relationship between the
shape of the final structure and the crystallinity of the seeds. For the mono-crystalline seeds (12NR),
a cubic shape of the final core-shell structure was retrieved (Figure 3.10.a), whereas a trigonal

bipyramid shape was obtained for mono-twinned seeds (20NT) (Figure 3.10.b).
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Figure 3.10 — Isosurfaces of the 3D reconstruction volume of silver overgrown structures from (a)
mono-crystalline seeds (originally nanorods) and (b) mono-twinned seeds (originally nanotriangles).
Here, a cube and a trigonal bipyramid were retrieved, respectively. The region in yellow represents

the spherical gold nanoseeds and the green the silver overgrown structure.

Because HAADF-STEM detectors only collect the scattered electrons at high-angles, the
information about the presence of defects is lost in the projection images. Consequently, it is no longer
possible to retrieve the 3D spatial distribution of defects from tomographic reconstructions. However,
by selecting scattered electrons with smaller angle range (e.g., using an ADF detector), the presence

of defects becomes clear as illustrated in Figure 3.8.

Images acquired with the ADF detectors are, generally, in the MAADF regime (inner/out
collection angles of 26/95 mrad*??). In this manner, the detector collects both coherent and incoherent
scattered electrons. However, by further decreasing the collection angles, mostly coherent scattered
electrons, in the low-angle regime, are collected by the ADF detector. This signal is known as LAADF
STEM and contains a substantial signal fraction associated with diffraction contrast. Because the
LAADF signal is mostly coherent, the projection requirement is no longer fulfilled, resulting in a
reconstructed object with higher inaccuracy of the estimation of the total volume, in comparison to
conventional methods based on the HAADF signal'®. Nevertheless, the LAADF images can still be used
as input for tomographic reconstructions for qualitative analysis. To evaluate how the variation of
intensities in the reconstructed slices corresponds to features associated with diffraction contrast or
artefacts from the violation of the projection requirement, comparison with the projection images
obtained experimentally are essential. In this manner, the intensity variation can be properly
addressed to the eventual presence of diffraction contrast. To obtain qualitative information
regarding the complete structure under investigation, HAADF-STEM images are obtained
simultaneously and reconstructed independently. Such combination is the core principle of the

multimodal tomography methodology, which allows the recovery of the morphology and the 3D
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distribution of defects from the HAADF and LAADF signals respectively. For a proper visualization of
the distribution of the defect in 3D, a segmentation of the defects in the LAADF-STEM reconstruction

is performed and superimposed with the volume rendering of the HAADF-STEM reconstruction.

A ThermoFisher Osiris microscope operated at 200 kV was used to acquire the dataset. The
camera length of the microscope was adjusted to guarantee the acquisition of images in the high-
angle and low-angle scattering regime (detector inner/outer collection angles of 115/157 mrad for
HAADF-STEM detector and 13/26 mrad for LAADF-STEM detector). Figure 3.11 shows HAADF- and
LAADF-STEM images for a few projection angles of the trigonal bipyramid structure grown from the
20NT seed, where the presence of the diffraction contrast associated with the defect is clearly visible
(Figure 3.11.b,d,f) . The diffraction contrast present in the LAADF-STEM images reveals that the defect
extend from the gold seed to the silver shell. Inspection of the tilt series of LAADF-STEM images of a
cubic core shell structure originated from the 20NR seed revealed the absence of diffraction contrast.
Indeed, 99% of the 20NR seeds were single crystalline and the formation of defects is not expected

during the growth of the silver shell.

Angle: 48°](c) Angle: -24° Angle: -46°

25 nm | HAADF

25 nm { 4AADF

Angle: 48° Angle: -24° Angle: -46°

25 nm §1 AADF

25 nm ) AADF

Figure 3.11 — HAADF- and LAADF-STEM images of an overgrown core shell structure of gold and silver
at different tilt angles. Intensity variation in the LAADF-STEM images (b),(d) and (f) are attributed to

the presence of structural defects.
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The reconstruction of the 3D volume based on the HAADF and LAADF signal was performed
using the Astra Toolbox for MATLAB”® for both core shell structures overgrown from the 20NT and
20NR seeds. The inspection of the reconstructed slices along the cubic core shell structure confirmed
the single crystallinity nature of the object and intensity variation due to diffraction contrast was not
found (Figure 3.12.b). However, hints of contrast variation were found by inspection of the
reconstructed slices from core-shell structure originated from the 20NT seeds (trigonal bipyramid), as
indicated by the red arrow in Figure 3.12.d. A simultaneous analysis of the reconstructed slices (Figure
3.12.d) and the projection LAADF-STEM images (Figure 3.11.b,d,f) confirmed that the presence of
structural defects (twin boundaries) in the nanoseeds extends over the overgrown silver shell during
the growth process, as it has been proposed in literature3?-3>8167 |t s interesting to note that some
artefacts are present in HAADF reconstructed slices (Figure 3.12.a,c). More specifically, cupping
artefacts were observed, where the interior of the reconstructed particle is underestimated!?. This
type of artefact is caused by the non-linear damping of intensities in STEM images!®17%177 The
presence of cupping artefacts in the LAADF-STEM reconstructed volume imposes limitations to the
identifications of the features associated with defects. The analysis of the slices through the retrieved
3D volume only suggested the location of certain defects, which was subsequently confirmed by a

simultaneous inspection of the LAADF-STEM tomographic series.

69



HAADF - slice LAADF - slice

Figure 3.12 — Slices through the 3D reconstructed volume of the (a)-(b) cubic and (c)-(d) trigonal
bipyramid core-shell structure. (a), (c) correspond to slices through the 3D reconstructed volumes
based on the HAADF-STEM images and (b), (d) represent the slices through the volume reconstructed
from the LAADF-STEM images. In (d), a red arrow indicates a slight variation of contrast in the 3D

reconstruction due to the presence of the defect.

To visualize the defect in 3D, a manual segmentation step was performed in the 3D
reconstructed volume obtained from LAADF-STEM signal along the line indicated by the red arrow in
Figure 3.12.d. Figure 3.13 shows a superposition of the 3D volume obtained from the HAADF signal,
where the purple plane through the object represents the 3D defect. Our findings revealed that,

indeed, the defect extends over the seed and are present in the crystal lattice of the silver shell.
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Figure 3.13 — Superposition of the segmented defect (purple) and the 3D volume. The segmentation
of the defect was obtained from the ADF-STEM signal. Isosurfaces in yellow (gold seed) and green
(silver shell) of the reconstructed object were obtained from the reconstruction based on the HAADF-

STEM signal.

Next, gold nanoparticles were grown starting from the four types of seeds (12NR, 12NT, 20NR,
20NT). The growth procedure applied to the seeds used CTAC as surfactant, ascorbic acid as reducing
agent and iodide ions as shape-inducing agent. It has been reported in literature that the use of iodide
ions promotes the growth of nanoparticles with defined shapes®17818 pecause of the strong
adsorption of iodide at the surface of seeds in comparison to other ion types (e.g., chloride and
bromide)'”. The shape control is associated with preferential reduction of gold ions onto the {111}
surfaces'®. Moreover, it is known that iodide ions not only stabilize preferential facets during the
growth mechanism, but it is also responsible for decreasing the rate of gold ions reduction®,
Therefore, the use of iodide can potentially induce the formation of twin boundaries defects during
the growth process®8, Additionally, growth of gold nanoparticles in the absence of iodide ions

results in the formation of products with undefined shapes.
3.4.1 Analysis of overgrown gold products originated from 20 nm seeds

The analysis of the shape dispersity of the final products through TEM imaging revealed that
the concentration of iodide has no significant influence on the final shape of the overgrown product
when starting from 20NT seeds, where nanotriangles were found in approximately 64-70% of the total
products for a varying concentration of iodide (50 ptM-100 pM). The remaining shapes obtained upon
growth of 20NT seeds corresponded mainly to nanooctahedra by-products. Moreover, the growth of
penta-twinned products was not observed, unless for iodide concentrations higher than 500 uM3*.
Analysis of the growth process starting from 20NR seeds showed that 99% of the by-products were

nanooctahedra for iodide concentration of 50 uM. By increasing the concentration of iodide to 75 puM,
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a fraction of 30% of nanotriangles were obtained during the growth, while the remaining
corresponded to nanooctahedra. The total of nanotriangles increases to 44%, for concentration of 100
UM. To obtain a majority of overgrown nanotriangles starting 20NR seeds, an iodide concentration of
500 uM was required®’. Therefore, a relationship between the final shape and the iodide
concentration was observed when starting from 20NR seeds. These results are summarized in Table

3-3 and Figure 3.14.

Nanooctahedra : nanotriangles : nanodecahedra

Crystal structure of

defects
Seed type [I'1=50 uM [I'1=75uM [I1=100 um
Mono-twinned :

mono-crystalline (%)

20NT 51:49 26:64:9 20:64:9 11:70:5
20NR 1:99 99:1:0 59:30:0 42:44:0
12NT 29:71 13:66:10 7:63:15 4:54:29
12NR 1:99 27:41:0 3:59:5 3:49:9

Table 3-3 — Influence of the crystal structure of seeded in the overgrown particles based on the
analysis of 2D images. For each sample, at least 250 nanoparticles were counted. Three main shapes
were observed: nanooctahedra, nanotriangles and nanodecahedra. The total number of nanoparticles
differs from 100 because the shape could not be identified for a small fraction of particles. Table

extracted from [32].
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Figure 3.14 — TEM analysis of 20NT (left) and 20NR (right) grown with different iodide concentrations:
50 mM (a) and (b), 75 mM (c) and (d), 100 mM (e) and (f). Figure extracted from [32].

3.4.2 Analysis of overgrown gold products originated from 12 nm seeds

A similar analysis was performed using 12NT seeds and revealed that only 13% of
nanooctahedra (mono-crystalline) were formed (iodine concentration of 50 uM), even though the
statistics obtained in section 3.3 shows that 71% of the total seeds were mono-crystalline. Surprisingly,
for 12NR seeds at the same iodide concentration, mostly nanotriangles were formed (41% of the
total). Differently from the 20 nm seeds (20NR and 20NT), the formation of penta-twinned by-
products (nanodecahedra) were obtained by slightly increasing the iodide concentration (up to 100
uM). Thus, for smaller seeds, the crystal structure can evolve during the growth, resulting in the

formation of both mono-twinned and penta-twinned structures, at lower iodide concentrations.
3.5 Conclusions

In this chapter, we investigated the production of gold seeds by oxidative etching of nanorods
and nanotriangles. More specifically, we characterized the presence of defects in the seeds in a
statistical manner. The use of alternative techniques for the characterisation of the defects, such as

ADF-STEM imaging and multimode tomography were hereby essential. More precisely, the
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combination of the acquisition of a tilt image series and the use of ADF signal enabled us to obtain a
statistical relevant distribution of the defect yield of each type of seeds (12NR, 12NT, 20NR and 20NT).
Here, it was found that the defect yield of seeds was associated with the initial crystallinity of the
nanoparticle prior to the oxidative etching and the number of oxidation cycles. The use of advanced
techniques for electron microscopy allowed the confirmation of the preservation of the crystal
structure of the seeds during the growth of the final products. Moreover, our findings demonstrated
that the shape of the final product is connected with the crystallinity of the seeds and the chemical
composition of the solution during growth. The obtained results are valuable for the optimization of

synthesis approaches based on the seed-mediated growth technique.
3.6 Experimental methods

In this section, a summary of the different approaches for the characterization of
nanomaterials based on advanced techniques for electron microscopy is provided. High resolution
STEM imaging provided information regarding the atomic structure of the nanoseeds, as well as the
crystallographic nature of the structural defects found. The analysis of a tilt series of ADF-STEM images
was used to identify nanoparticles that contained structural defects with statistically relevant
distribution. Electron tomography was employed for the structural determination of overgrown core-
shell structure, allowing the association of the crystallinity of the nanoseeds and the morphology of
the final product. The acquisition and analysis of a multimode tomographic series of core-shell
nanostructures was employed for the verification of the extension of the structural defect of the
nanoseed to the overgrown structure. Analysis of the reconstructed slices also hinted the extension
of the defect to the overgrown structure. The combination of the used advanced approaches for
electron microscopy enabled the optimization of the synthesis protocols for the seed-mediated

growth.
3.7 Author contribution

The author of the present thesis, Thais Milagres de Oliveira, performed the HAADF- and ADF-
STEM image acquisition, the statistical analysis, the tomographic reconstructions and 3D
segmentation. High-resolution HAADF-STEM imaging was acquired together with Prof. Dr. Thomas
Altantzis. Synthesis of gold nanotriangles and nanorods, oxidation etch procedure, growth of silver
and gold nanoparticles, as well as the characterisation of grown products based on gold were carried
out by the research team of Prof. Dr. Luis M. Liz-Marzan from the BioNanoPlasmonics Laboratory at

CIC biomaGUNE, Spain.
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The author of the present thesis contributed to this study by providing a statistical analysis of
the defect yield for different systems, by demonstrating how the crystallinity of the seeds are
connected with the morphology of final overgrown structures and by demonstrating that the

crystallinity of the seeds is maintained during the growth process.
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Chapter 4. Electron microscopy for the 3D characterisation of gold

nanocrystals after nanosecond laser irradiation

4.1 Interaction of gold nanoparticles with ultrafast laser pulses

Because of the strong LSPR effect of gold nanoparticles, external electromagneticillumination

8,57,63,76,

has been extensively applied to such nanoparticles 87184 More specifically, the study of the

dynamics of coherent light-matter interaction enabled the understanding of various phenomena

1857188 For instance, femtosecond laser pulses provided access to

occurring in the ultrashort time scale
the dynamics of bond formation and breaking during chemical reactions'®'# and, together with short
pulsed and continuous-wave lasers, they have contributed to the development of novel

spectroscopies for the exploration of light-matter interaction phenomena®1%,

Interestingly, studies based on laser pulses have been crucial to reveal the fast electron
dynamics responsible for LSPR excitation and relaxation” !>, More specifically, due to the extremely
high power intensity of lasers (107-10? W/cm?), deformation and/or disintegration of the
nanocrystals can be readily induced?®707274-7680,185191-197 | addition, as discussed in Chapter 1, the
pulse duration determines the evolution of the shape of the irradiated gold nanoparticles. For
instance, femtosecond laser pulses deposit energy extremely fast to the crystal lattice, resulting in an
almost adiabatic expansion of the nanoparticles, due to the electron-phonon coupling, with duration
of a few picoseconds®192193.198-202 Tharefore, the relaxation processes mainly occur once the laser
pulse has terminated. Under these conditions, the temperature may easily exceed the melting point
of the bulk material, triggering events of shape modification. In the case of nanosecond laser pulses,
the amount of energy absorbed by the nanoparticle is even higher due to the longer pulse duration.
However, due to the lower energy deposition rate, the energy is still transferred to the nanoparticle
when its lattice is already excited or in a molten state’®, resulting in nanoparticle fragmentation or size

reduction due to the excitation of acoustic phonon modes”%185194,196,201,203-205

More specifically, nanosecond laser pulses has been applied for the creation of a new shape
type for nanoparticles, denominated “¢-shaped”®7%79293 This type of nanoparticles was obtained by
nanosecond laser pulses interaction with single crystalline gold nanorods. It has been reported that
initial states of such shape transformation corresponds to the addition of point defects that could be
associated with a local melting of the crystal lattice. This serves as the nuclei for the formation of twin
boundaries and stacking faults’®2%, At the same time, surface melting takes place, due to the higher
instability of surface atoms. In a thermodynamically stable system, the direction of heat diffusion is

from the surface to the centre of the object, differently from what has been observed in nanorods
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illuminated by nanosecond laser pulses?®®. Experimental observations suggested that, upon
nanosecond laser pulses, heat was uniformly distributed across the object (due to the electron-
phonon coupling), whereas the cooling of the surface atoms was faster than the bulk atoms. This
resulted in a temperature gradient, explaining the molten state in the interior of the nanoparticle that

leads the formation of defects?®.

4.2 The use of nanosecond laser pulses to induce the formation of structural defects

in gold nanoparticles

Recent studies have demonstrated the ability of introducing defects in gold seeds by using an
oxidative etching approach®, as discussed in Chapter 3. Using this methodology, the maximum defect
yield achieved was 51% for spherical seeds with sizes of 20 nm obtained from the oxidative etching of
gold nanotriangles. It has been demonstrated in Chapter 3 that the crystallinity of the seed is
maintained during the growth process and the seed crystallinity is directly associated with the final
shape of the overgrown structures. However, the use of nanoparticles obtained from the oxidative
etching process as seeds during the seed-mediated growth can result in the presence of multiple
shapes, as demonstrated earlier in section 3.3 of Chapter 3. Thus, if one aims the growth of
nanoparticles with only one type of shape, an approach that is capable to introduce defects with a

yield larger than 90% is of great importance.

Inspired by the ability to introduce defects in mono-crystalline structures through nanosecond
laser pulses irradiation, another approach for the synthesis of seeds with a high defect yield has been
developed. Here, spherical nanoparticles were synthesised to deliver mono-crystalline structures with
different sizes (10 nm and 20 nm). Next, the obtained nanoparticles were irradiated with nanosecond
laser pulses (pulse duration of 8 ns at a wavelength of 532 nm and pulse frequency of 10 Hz) in the
presence of different chemical elements (only 100 mM of CTAC or combined with 100 uM Ag* or 75
UM I'). Characterisation of the nanoparticles before and after ultrashort laser pulses irradiation using
electron microscopy enabled the determination of the optimal conditions for the formation of specific

structural defects, as well as the verification of the efficiency of the approach.

4.3 The effect of environmental conditions during laser irradiation on the crystal

structure of nanoparticles

Here, we aimed at investigating the effect of silver ions (Ag*) and iodide (I") on the morphology
and internal structure of gold nanospheres irradiated with nanosecond pulsed laser (see Table 4-1).
Such additives play an important role in the controlled synthesis of gold nanoparticles with different

morphologies due to their ability to adsorb on the different gold facets. Thereby, Ag* and | can
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determine the shape adopted by gold nanoparticles, giving rise to nanorods, nanostars or
nanotriangles among others. Thus, we hypothesize their ability to adsorb on gold facets can also

impact the nanoparticle interaction with nanosecond laser pulses and the heating-cooling dynamics.

Sample Size (nm) Irradiation Experimental conditions
Conditions
10 Control No irradiation 100 mM CTAC
10 CTAC 100mM CTAC
10Ag 10 0.2 J/cm? 100 mM CTAC + 100 uM Ag*
101 > min 100 MM CTAC + 75 uM I
20 Control No irradiation 100 mM CTAC
20CTAC 100 mM CTAC
20Ag 20 0.2J/cm? 100 mM CTAC + 100 uM Ag*
201 > min 100 MM CTAC + 75 uM I

Table 4-1 — Summary of the experimental conditions used during laser irradiation of gold

nanoparticles.

Preliminary analysis based on STEM images of the 20 nm nanoparticles irradiated in the
presence of only CTAC (20CTAC) revealed that the size of nanoparticles decreased from 21 £+ 1 nm to
16 £ 2 (Figure 4.1.a). However, for nanoparticles irradiated in the presence of CTAC and Ag*ions (20Ag)
the presence of very small particles (<3 nm) was also found (red arrow in Figure 4.1.b). The presence
of such small nanoparticles for 20Ag nanoparticles suggest the occurrence of particle fragmentation.
Besides, the formation of irregular shapes was also found (Figure 4.1.b-c), corroborating the
hypothesis of particle fragmentation events upon laser irradiation. . Moreover, spectroscopic
investigations by EDX (Figure 4.1.c-f) revealed the formation of a silver shell on the gold nanoparticles,
giving rise to bimetallic nanoparticles (gold and silver core-shell structure). The amount of silver
estimated from the obtained EDX spectrum indicated that ca. 22.5% of the resulting core-shell
structure was composed with silver. Since the melting point of silver is approximately 103 K lower than
that of gold, the photo-reduction of silver induced by the laser might decrease the energy require to
melt the nanoparticles. In this manner, it might be possible to explain the larger fraction of fragmented
nanoparticles observed when silver ions were present during the irradiation process, as the present
core-shell nanoparticles may have a lower melting temperature and be more easily fragmented 8206
208 |t is important to note that the addition of other adsorbing additives such as I did not lead to

significant differences in nanoparticles fragmentation compared to those irradiated only in CTAC. This
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might be caused by the incapability of I" to get incorporated into the gold nanocrystals and to modify
the nanoparticle melting point. Nevertheless, such hypothesis would require more investigations to

be confirmed.

Figure 4.1 — HAADF-STEM images of 20 nm nanoparticles irradiated with nanosecond laser pulses in

the presence of (a) CTAC and (b) CTAC + Ag*. Nanoparticles smaller than 3 nm (red arrow) indicated
that fragmentation events occurred during laser irradiation. Moreover, nanoparticles with anisotropic
shapes were observed. (c) HAADF-STEM image of a nanoparticle with an irregular shape. (d)-(e) EDX
spectroscopic confirmed the formation of gold and silver core-shell nanoparticles. In (f) a

superposition of the gold and silver chemical maps distribution is shown.

Interestingly, the presence of I during the irradiation was found to impact the defects
formation in the gold nanoparticles in a different manner compared to that of CTAC or CTAC and Ag®,
as revealed by high-resolution HAADF-STEM imaging (Figure 4.2). The analysis shown the presence of
different types of defects, such as twin and grain boundaries, when the 20 nm nanoparticles were
irradiated in the presence of CTAC or CTAC and Ag* (Figure 4.2). However, only twin boundaries were
found when I was present. The absence of grain boundaries upon laser irradiation under such

conditions might be explained by an enhanced diffusion of the gold atoms at the nanoparticle surface
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induced by I, thereby helping to form twin boundaries as a way to reduce the strain created by grain

boundaries®178-183,

However, further investigations are required to properly address this
phenomenon. Additionally, high-resolution imaging of 10 nm nanoparticles revealed the presence of

only twin boundaries (Figure 4.3).

20 Control 20 CTAC

Figure 4.2 — High-resolution HAADF-STEM images of structural defects in 20 nm nanoparticles (a)
before and (b)-(d) after irradiation with nanosecond laser pulses. The effect of the chemical species in
solution during the laser irradiation on the defect type was investigated. For (b) 20 nm nanoparticles
in the presence of 100 mM CTAC, multiple twin boundaries and grain boundaries were encountered.
In presence of CTAC and Ag*, (c) irregular shapes were found in addition to the previous mentioned
case. For 20 nm nanoparticles irradiated by laser pulses in the presence of CTAC and I, multiple twin

boundaries were observed (d).
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10 Control 10 CTAC

Figure 4.3 — High-resolution HAADF-STEM images of structural defects in 10 nm nanoparticles (a)
before and (b)-(d) after irradiation with nanosecond laser pulses. The effect of the chemical species in
solution during the laser irradiation on the defect type was investigated. For (b) 10 nm nanoparticles
in the presence of 100 mM CTAC, multiple twin boundaries were observed. In presence of CTAC and
Ag*, low-index facets and twin boundaries were found (c). For 10 nm nanoparticles irradiated by laser

pulses in the presence of CTAC and I', multiple twin boundaries were observed (d).

Finally, to determine the efficiency of defects introduction into the crystal lattice of gold
nanoparticles by nanosecond laser pulses, a statistical comparison between the total number of
defects before and after laser interaction is required. Therefore, the same approach used for the
acquisition of a tilt series of images in ADF-STEM mode, as described in section 3.3 of Chapter 3, was

used. The results on the statistical analysis are presented in Figure 4.4.
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Figure 4.4 — Statistical distribution of the total number of defects present in the crystal lattice of
spherical nanoparticles before and after laser irradiation, based on the analysis of 2D images. Three
different cases were investigated, where the nanoparticles were irradiated by the laser pulses in the
presence of: 100 mM of CTAC, 100 mM of CTAC and 100 uM of Ag*, and 100 mM of CTAC and 75 uM

of I'. In general, a higher defect ratio for larger nanoparticles was observed.

The characterisation of the as synthesized 10 nm and 20 nm nanospheres (before laser
irradiation) revealed that ca. 35% of the nanoparticles were initially twinned. However, their
irradiation with nanosecond laser pulses significantly increased the number of defects. For example,
analysis of 10 nm nanospheres showed that the proportion of defects was doubled after laser
irradiation, independently of the chemical environments (see Table 4-1), although a slightly higher
number of defects was observed in the presence of I'. Moreover, the introduction of defects was found
to occur more efficiently in the case of 20 nm nanospheres than in the 10 nm ones, i.e., 92-99% vs 56-
70%. The lower yield of defect introduction observed in the case of the 10 nm nanoparticle might be
related to the cooling dynamics of the nanoparticles, which depends on the surface-to-volume ratio
among other parameters'®2%° Due to the faster cooling of smaller nanoparticles, it might be possible
that the temperature reached by 10 nm nanospheres during laser irradiation was smaller than in the
case of the 20 nm nanospheres. If we assume the introduction of defects is favoured at high

temperatures, that may explain why their introduction is less efficient for the smaller nanoparticles.
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4.4 The use of nanosecond laser pulses to create hollow nanoparticles

Most interestingly, 20 nm nanoparticles displayed a variation of contrast upon nanosecond
laser pulses in the presence of 100 mM CTAC or in combination with I" ions, as indicated by the red

arrows in Figure 4.5.

Figure 4.5 — HAADF-STEM image of 20 nm nanoparticles irradiated by nanosecond laser pulses in the
presence of 100 mM CTAC. A variation of particle size is visible as well as the variation of contrast in

some particles indicated by the red arrows.

Because the contrast in HAADF-STEM images depends on the chemical composition and the
thickness of the object, the darker region in some nanoparticles in Figure 4.5 could correspond to
different structures, such as core-shell nanostructures or hollow nanoparticles. The formation of a
porous array inside the cavity is excluded prior to STEM analysis due to treatment approaches applied
on the investigated nanoparticles. Previous studies have demonstrated that porous gold structures
are fabricated using methods such as dealloying, self-assembly, templating and electrochemical

anodization?'®, which were not employed in the present discussion.
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In order to determine the structure of such nanoparticles, spectroscopic techniques were
applied. EDX mapping confirmed the presence of only gold, as indicated in Figure 4.6. Moreover, the
spectral map with the chemical distribution of gold revealed a decrease in the intensity in the region
corresponding to the darker contrast in the HAADF-STEM image, suggesting this structure corresponds

to a hollow nanoparticle.
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Figure 4.6 — (a) HAADF-STEM image of nanoparticle containing a cavity. (b) Chemical distribution of
gold along the region of interest shown in (a). (c) Energy spectrum of the region of interest. The

presence of copper is attributed to the TEM grid.

The formation of the observed hollow nanostructures for only larger particles (20 nm) might
be linked with the higher temperature achieved by the nanoparticle when compared to smaller sizes,
as well as the occurrence of expansion and material loss of the object during the laser irradiation.
The absence of cavities in nanoparticles irradiated by the laser pulses in the presence of Ag* could be

associated with the observed higher rate of particle fragmentation and explosion.

Moreover, the conditions for the formation of cavities were further investigated'®®. The aim

of the study was to associate the formation of cavities with the pulse duration, the concentration of
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surfactant (CTAC) and the size of the nanoparticles. Therefore, 20 nm nanoparticles were irradiated
by nanosecond laser pulses with laser fluence of 0.1 J/cm? and the structures remained almost intact
(Figure 4.7.a). By increasing the laser fluence to 0.2 J/cm?, a size reduction from 21 + 1 to 16 + 2 nm
was observed, as well as the formation of cavities in 17% of the nanoparticles. By further increasing
the laser fluence to 0.3 J/cm?, the absence of cavities and a notable size reduction to 13.5 + 2 nm
(Figure 4.7.b) were observed. This suggest that the range of the laser pulse fluences that induce the
formation of hollow nanostructure is rather narrow!®. The next parameter to be evaluated is the
concentration of the surfactant. When the CTAC concentration was reduced to its corresponding
critical micelle concentration (1.0 mM), two well-defined size populations of 6 £ 2 nm and 18 + 3 nm
were obtained upon irradiation of 20 nm gold nanoparticles with 0.2 J/cm? pulses (Figure 4.7.c),
however cavities were not formed. Upon increasing the CTAC concentration to 25 and 100 mM (Figure
4.7.d), cavities were formed again. Therefore, these findings demonstrated that the surfactant
concentration had a strong effect on the fragmentation process and cavity formation®. Nevertheless,
the greatest impact on the nanocrystal morphology and cavity formation was found when varying the
size of the irradiated gold nanoparticles. Whereas 10 nm gold nanoparticles (10 £ 1 nm) remained
largely unaffected by the laser pulses (0.2 J/cm2), 40 nm gold nanoparticles evolved into a large
number of fragmented nanostructures, some of them containing large cavities of up to 20 nm (Figure
4.7 .e-f). In particular, irradiation of 40 nm gold nanoparticles at low surfactant concentrations (i.e.,
the optimal conditions to induce fragmentation) resulted in irregular nanostructures with large
cavities, as reflected in the broadening of the extinction band and increased absorption in the near
infrared range!®. The effect of the particle size is likely related to two effects. First, bigger particles
remain hot for longer periods of time because the heat release rate depends on the surface-to-volume
ratio, which is proportional to 1/R?%. Second, the mechanism behind cavity formation may involve
stretching of the nanoparticle and/or material loss. Hence, larger gold nanoparticles are less affected
by the leakage of atoms and better suited to re-assemble and also to support larger cavities, as

observed experimentally.
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Figure 4.7 — TEM analysis, showing the effect of pulse fluence, surfactant concentration, and particle
size on the formation of gold nanoparticles with cavities. (a)-(b) gold nanoparticles obtained after
exposure of 20 nm gold nanoparticles in 25 mM CTAC to 0.1 J/cm2 (a) and 0.3 J/cm2 (b) laser pulses.
(c)-(d) gold nanoparticles resulting from irradiation of 20 nm gold nanoparticles with 0.2 J/cm2 pulses
in the presence of 1 mM (c) and 100 mM (d) CTAC. (e)-(f) Effect of irradiation with 0.2 J/cm2 pulses on
10 nm (e) and 40 nm (f) gold nanoparticles suspended in a 25 mM CTAC solution. Red arrows point to
particles with holes, which are magnified in the inset. (g)-(j) Low and high magnification images of
nanostructures produced upon irradiation of 40 nm gold nanoparticles in the presence of 1 mM CTAC.
Black arrows below the images indicate the direction of magnitude increment. Scale bars: 100 nm (a)-

(g) and 20 nm (f) inset, (h)-(j). Figure extracted from [*&].

4.5 3D characterisation of the presence of cavities at the atomic level

To clarify the shape of the cavity in hollow nanoparticles and to evaluate a possible connection
with the outer surface of the nanoparticle, electron tomography was applied to several nanoparticles
containing holes. Figure 4.8 exemplifies a typical slice through the 3D volume and its isosurface
rendering. The series were acquired over a tilt range from -72° to +72°, with tilt increment of 2 or 3°,
with dwell time of 6 us at the ThermoFisher Tecnai G2 microscope operated at 200 kV. As it can be
seen from the 3D reconstruction, the cavity is enclosed. A statistical analysis revealed that 17% of the
total of nanoparticles are hollow, with average size of 15.2 + 4.7 nm. The average cavity size measured
over 9 reconstructed volumes was 4.5 + 2.0 nm, where the smallest distance from the edge of the
cavity to the closest surface of the nanoparticle was, on average, 3.1 + 1.4 nm. Therefore, our results

indicated that the cavities were not always exactly in the centre of the nanoparticles.
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Figure 4.8 — 3D reconstruction by electron tomography of a hollow nanoparticle. (a) Slice through the
3D volume and (b) isosurface rendering of the reconstruction, confirming the absence of connection

between the cavity and the external surface of the nanoparticle.

So far, the impact of pulsed laser pulses on metal nanoparticles has been mainly explored by
ensemble measurements such as extinction spectroscopy or transient absorption
spectroscopy!®>?1120L19  For example, Fales and co-workers carefully examined the impact of
nanosecond pulses of different fluences on spherical gold nanoparticles of different sizes by large-
scale electron microscopy and extinction spectroscopy. Although single particle measurements
revealed more insight into the deformation mechanism?’*212213 these studies mainly looked at the size
and shape of the laser-irradiated NPs. For instance, it was revealed that curvature driven surface
diffusion leads to below melting point reshaping of gold nanorods and this process strongly depends
on the aspect ratio of the nanorod?'?. However, to fully understand the impact of laser pulses on metal
nanoparticles it is important to not only study their size and shape after laser irradiation, but to go
further and characterize at the atomic structure. Since the atomic structure of metal nanoparticles
strongly influences their mechanical and optical properties’, the impact of laser pulses on these
properties needs to be studied. Up to this point, no research has been reported that describes the

influence of pulsed laser irradiation on the three dimensional crystal structure of metal nanoparticles.

As shown in Figure 4.8, conventional electron tomography is not capable to reveal the crystal
nature of the defects and cavities of hollow nanoparticles. The use of high-resolution HAADF-STEM
only provides partial information, as it only represents a 2D projection of a 3D object (Figure 4.9).
Interestingly, high-resolution HAADF-STEM imaging suggested that in some cases, the twin boundaries

also propagated through the cavities. For a thorough understanding of the atomic structure of hollow
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nanoparticles and how defects are distributed, a full 3D characterisation of nanomaterials at the

atomic level is required.

Figure 4.9 — High-resolution HAADF-STEM images of different hollow nanoparticles obtained upon
nanosecond laser pulses in the presence of I'. (c) and (d) suggested that twin boundaries propagated

through the cavity region.

In the present study, hollow nanoparticles obtained upon laser interaction in the presence of
I were investigated in 3D at the atomic level. This choice relies on the absence of grain boundaries in
nanoparticles produced under this condition, as grain boundaries may complicate the 3D
characterisation at the atomic scale. The unknown crystallographic nature of hollow nanoparticles
prevents the use of any prior information commonly used in state-of-the-art techniques for electron
tomography at the atomic level as mentioned in Chapter 2. Recently, a new methodology has been
developed where the optimization of the acquisition in combination with the improvements of image
processing and alignment enabled the 3D reconstruction of the atomic structure of nanomaterials

using a conventional SIRT algorithm during which no prior knowledge about the structure of the
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material is used™®. This technique exploits a fast acquisition of multiple frames at every tilt angle,
rather than one image acquisition at a longer exposure time. In this manner, we were able to minimize
slight rotations and drift of the nanoparticles while imaging, which is a common problem when
imaging in HAADF-STEM mode®. Scanning artefacts are corrected with the use of a convolution
neural network (CNN) combined with rigid and non-rigid transformations, and finally, a phase
correlation approach with subpixel accuracy is applied for the alignment of the tilt series. All the
mentioned steps for image processing were developed by Dr. Ivan Lobato and are explained in more

detail in Appendix A.

Figure 4.10 displays the volume rendering and slices through the 3D reconstruction of the
hollow nanoparticles from Figure 4.9.a and Figure 4.9.c, respectively. For the acquisition of the atomic
resolution tomography series, we recorded a time series for each projection with a fast acquisition
scheme (dwell time of 0.4 ps) using an aberration-corrected ‘cubed’ ThermoFisher Titan 60-300
electron microscopes operated at 300 kV. The series were acquired within a tilt range from -72° to

+72°, with tilt increment of 2°.
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Figure 4.10 — (a) Volume rendering of the hollow nanoparticle shown in Figure 4.9.a. Slice through the
3D reconstruction oriented along the (b) [110] and (c) [100] zone axes. The same representations for

the hollow nanoparticle shown in Figure 4.9.c are displayed in (d)-(f).
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Analysis through slices along different crystallographic axes revealed the presence of facets at
the cavities inner surface. Figure 4.11 shows the volume rendering of both reconstructions with a cut
through the 3D reconstruction along the orientations shown in Figure 4.10.b and Figure 4.10.e.
Indexation of each facet of the cavity was performed based on the Fourier transform of a
reconstructed slice at the cut plane. In Figure 4.11.b, a twin plane is crossing the cavity at the middle.
Because of this, the orientation of the facets in the blue region and the yellow region are not

complementary.

Figure 4.11 — Volume rendering of both reconstructions with a cut across the volume along the
orientations shown in Figure 4.10.b and Figure 4.10.e, revealing the atomic arrangement at the region
of the cavity in 3D. The red lines represent the facets at the surface of the cavity, which were indexed
based on the Fourier transform of the slices shown in Figure 4.10.b and Figure 4.10.e, respectively.

The blue regions represent a different crystallographic orientation, due to the presence of twin planes.

To further investigate if the presence of cavities was associated with the build-up of stress in
the crystal structure, Geometric Phase Analysis (GPA) was applied to the 3D atomic structure of the
hollow nanoparticles. This study is of interest, as the presence of strain in the crystal lattice of
nanoparticles could alter their optical properties?#=21¢ (a change on the scattering cross section of the
free electrons results in the modification of the dielectric constant and therefore in the refractive
index of the material®), for instance. The used methodology quantifies the displacement and strain
fields of crystalline arrangements, by means of image processing associated with Fourier filtering. As
a result, the strain tensors €;, with units of length, can be derived. Typically, such analysis is performed
using 2D images, but here, the approach was applied in 3D''%?'7, Goris and co-worker have

demonstrated that the analysis of lattice strain of a gold nanodecahedra based on projection images
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lead to different conclusions than obtained from a 3D analysis''®, demonstrating the need to extend

the GPA analysis to 3D.

The approach for the 3D characterisation of lattice strain was implemented in MATLAB based

|217 |112

on the studies of Hytch et a and Goris at al'**, where three reciprocal lattice non-collinear
reflections were chosen from a region free of defects. The chosen reflections were used to calculate
a mask to filter out the information associated with the other reflections. After applying the mask to
the Fourier transform of the 3D reconstruction, an inverse of the resultant reconstruction was taken.
Next, the phase and its gradient could be retrieved. From the gradient of the phase, the full 3D strain
tensors &€y, €,y and €, were extracted. In order to reduce the noise and to smooth the resulting
displacement field images, a 3D Gaussian mask was used, yielding a spatial resolution of 0.7 nm?11%27,
For the visualization, only one slice along the 3D object was chosen. To determine the error bar of the
strain fields, a gold nanosphere was simulated, where some atoms were deviated from the perfect
position. The atoms were approximated by Gaussian spheres and projection images were generated
using the Astra Toolbox'’®. The reconstruction was carried out using SIRT algorithm implemented in
MATLAB. A reference region for the calculation of the strain fields was chosen in the middle of the
crystal, where no deviations were present. The strain fields for both simulated and reconstructed
volumes were performed in an identical manner as for the experimental data (Figure 4.12). By using

the strain fields obtained from the simulated object as the ground truth, the error bars were

determined and is equal to +1.6%.
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Figure 4.12 — Determination of the error bars for the strain fields based on 3D GPA. (a) Simulated
object with a given relaxation to the system and (b) the reconstructed volume based on the projection
images of the simulated object. Strain &, map for specified orthoslice of the simulated (c) and
reconstructed (d) volumes, overplayed with the atomic plane of the respective 3D objects. The

calculated error of the strain fields corresponds to 1.6%.

Figure 4.13 displays a colour map of the atomic displacement (with respect to a reference
region that is defect-free) for a single slice through the object, ranging from -3 to +3% from the perfect
atomic positions. This figure was obtained from the superposition of the atomic structure with the
calculated 3D strain tensors €,y. Our results revealed the presence of effects of surface relaxation are
observed on the surface of the nanoparticle. More specifically, relaxation effects are observed on the
left surface of the nanoparticle (red atoms), in agreement with the discussion presented in section
1.2.1. Besides, relaxation effects has also be found close to the vicinity to twin boundaries at the top
and bottom of the nanoparticle. Due to the different crystallographic orientation, the blue regions
indicated in Figure 4.11 are not shown in strain analysis. More interestingly, a small surface relaxation

has also been observed at the surface of the cavity, at the rightmost facets ({11-1} and {1-1-1}).
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Besides, the aforementioned facets are the closest to the nanoparticle surface. Such localization

suggests a possible connection with the observed surface relaxation at the right side of the cavity.
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Figure 4.13 — Strain field €,y map through a slice of the 3D volume, obtained from 3D GPA. The region
at the top and bottom of the nanoparticle correspondent to a different grain orientation was omitted
from the strain analysis. Effects of surface relaxation are observed on the surface at the left side of
the nanoparticle (red atoms), as well as close to the vicinity to twin boundaries at the top and bottom
of the nanoparticle. A small surface relaxation has also been observed at the inner surface of the

cavity, at the rightmost facets ({11-1} and {1-1-1}).

4.6 Determination of the composition in the cavity’s interior

For the potential use of hollow nanoparticles in future applications, it is crucial to determine
if the cavity is empty or e.g. filled with organic materials or water vapour. This can not be determined
by the EDX map in Figure 4.6, since organic materials or water vapours are mainly composed of low
mass chemical elements. Additionally, because electron tomography was performed in HAADF-STEM

mode, the detection of organic compounds was impossible due to a lack of contrast.

The presence of organic elements inside the cavity was therefore investigated by EELS
measurements. Hereby, an aberration corrected ‘cubed’ ThermoFisher Titan 60-300 operated at 120
kV was used. The exposure time for the EELS acquisition was 5 s. The analysis of the spectra was carried
out in Digital Micrograph. To map the resulting signal, two window background (before and after the
edge) were estimated as power laws in the following range: 277-325 eV for carbon, 395-444 eV for

nitrogen and 532-580 eV for oxygen. Figure 4.14 shows the resulting maps for the oxygen, nitrogen,
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and carbon distributions. Oxygen was mainly present at the surface of the particle, most likely due to
partial oxidation of the surface ligands (Figure 4.14.b). Nitrogen was uniformly distributed over the
entire scanned region (Figure 4.14.c), which is not surprising considering that the particle was lying on
a silicon nitride support. The darker region in the upper right corner of Figure 4.14.d can be attributed
to beam damage of the thin support (5 nm of thickness). The signals of both elements, oxygen and
nitrogen, did not show any significant enhancement in the region of the cavity. However, a local
increase of the carbon signal was clearly visible inside the cavity (Figure 4.14.d), indicating the
presence of organic compounds, most likely surface ligands. Due to the chemical composition of such
ligands (CTAC — C19H4sCIN), an increase of oxygen levels inside the cavities is in principle not expected,
while a very small fraction of nitrogen is present. Carbon could also be observed on the surface of the
particle, due to the presence of CTAC. An especially high concentration of carbon was detected in

185 We therefore confirm the presence

between particles, due to the accumulation of CTAC molecules
of organic contents inside the cavities. This knowledge is of importance for the understanding of the

formation mechanism of the cavities in hollow nanoparticles, as will be shown in section 4.8.
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Figure 4.14 — (a) Scanned region for EELS measurements. (b)-(d) Elemental mapping of oxygen,

nitrogen, and carbon in the scanned region, respectively. Figure extracted from [*%].

4.7 3D investigation of the defect behaviour under in-situ heating environmental

conditions

An interesting case where the dynamics of nanoparticles could be investigated under in-situ
heating conditions is the evolution and response of the cavities in hollow nanostructures obtained
after interaction with nanosecond laser pulses (section 4.4). The behaviour of the cavities in 56 hollow
nanoparticles under increasing temperature conditions was first investigated in 2D. The system was
heated to specific temperatures for 5 minutes. Then, the sample was quenched to room temperature
and image acquisition was performed for different sets of particles. This process was repeated at room
temperature and from 100 to 800 °C, with intervals of 100 °C, as indicated in Figure 4.15. Our results
revealed that heating of the nanoparticles until 100°C presented no substantial change in the hollow

nanoparticles. Starting from 200°C, some cavities disappeared, as indicated by the red arrows Figure
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4.16. At 800°C, 9 cavities were totally eliminated from the hollow nanostructures. Figure 4.17 shows
the different regions where hollow nanoparticles were investigated in in-situ conditions, at room
temperature and at 800 °C. In summary, our results revealed that 55% of cavities were eliminated

upon heating at 800°C.
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Figure 4.15 — Temperature evolution of the investigated system during in-situ heating tomography
experiments. The red line (=) indicates the temperature profile during the experiment. The
nanoparticles were heated to specific temperatures for five minutes (green x), followed by a
qguenching of the temperature, where image acquisition took place (blue *). The time axis is not in

scale and is represented only in a qualitative manner.
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Figure 4.16 — HAADF-STEM images of hollow nanoparticles upon increasing temperature. At room

temperature (a), 11 hollow nanoparticles were identified (red arrows). Heating at 100°C had no impact
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on the presence of cavities. However, from 200°C, disappearance of cavities was observed. The total

of hollow nanoparticles after heating at 800°C decreased to 2.

Figure 4.17 — HAADF-STEM images of hollow nanoparticles upon increasing temperature. At room
temperature, 45 hollow nanoparticles were found. After heating the system up to 800°C, this number

decreased to 23.

Additionally, the threshold temperature for the total elimination of cavities was further
investigated. Figure 4.18 indicates the total number of cavities that were totally eliminated at a given
temperature. However, no specific trend on the threshold temperature for such elimination could be
derived from the obtained results. The observed variation on the threshold temperature could be
associated with the asymmetry of the cavities and, more specifically, their non-eccentric location and
the varying sizes of the cavities and nanoparticles (section 4.5). Therefore, we expect that cavities that
are closer to the external surface of the hollow nanoparticle would have a greater tendency to migrate

towards the closest external surface upon increasing temperature conditions.
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Figure 4.18 — Frequency distribution of the total elimination of the cavities from the nanoparticles for
given temperatures, based on the analysis of 2D images of particles shown in Figure 4.16 and Figure
4.17. A total of 56 hollow nanoparticles were investigated in in-situ heating conditions, where 31

nanoparticles presented the disappearance of the cavities.

In some cases, 2D imaging of hollow nanostructures upon heating suggested a migration of
the cavity inside the nanoparticles, as shown in Figure 4.19. For each case, the threshold temperature
at which the cavity started to shift was unique: in the first case at 200°C and in the second, at 600°C.
Moreover, a decrease of the image contrast in the region of the cavity upon heating, suggesting a
volume decrease of the cavity (Figure 4.19.b and Figure 4.19.e), and eventually its total elimination
(Figure 4.19.c and Figure 4.19.f) were observed for some cases. We expect that cavities that are closer
to the external surface of the hollow nanoparticle would have a greater tendency to possibly migrate
towards the closest external surface upon increasing temperature conditions. However, it is still

unclear how the cavities disappear upon heating.
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Figure 4.19 — HAADF-STEM imaging of two different sets of nanoparticles (a)-(c) and (d)-(f) upon
increasing temperature conditions. Our findings suggest a possible movement of the cavities inside
the nanoparticles, until they were totally eliminated. The temperature threshold for the possible

cavity movement was not the same.

To address the mechanism behind the elimination of cavities upon increasing temperature
conditions, different electron tomography series were acquired after heating of the nanoparticles for
5 minutes and quenching to room temperature (Figure 4.15) for 4 randomly selected hollow
nanoparticles. In one case, the cavity remained unchanged upon increasing temperature conditions
up to 800°C. For all the other cases, a migration of the cavity towards the closest external surface of
the nanoparticle until its total elimination was observed. Figure 4.20 displays the volume rendering of
the reconstructed nanoparticles for all investigated temperatures for two cases. More precisely, the
temperatures at which the cavities reach the surface were found to be 300°C (top row of Figure 4.20),
500°C (middle row of Figure 4.20) and 400°C (bottom row of Figure 4.20), whereas the temperatures
of the total elimination of the cavities corresponded to 700°C, 600°C 500°C, respectively. Additionally,
the location and size of the cavities were further investigated for nanoparticles at room temperature
for all the cases in 3D and are summarized in Table 4-2. Although the analysis of the location and size
of cavities versus the temperature that the cavity is completely eliminated has not revealed a trend,

nanoparticles that displayed the disappearance of the cavity showed an increasing behaviour of the
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location of the cavity in regard to the external surface versus the temperature threshold for the cavity
reaching the outer surface (Figure 4.21). One possible hypothesis is that cavities closer to the outer
surface of the nanoparticle might show more surface relaxation effects, as discussed in section 4.5.
The increase of the surface relaxation at the vicinity of the cavity could trig the mechanism behind the
migration of the cavities towards the external surface of the nanoparticles. However, further
investigations with relevant statistical analysis in 3D together with the combination of strain analysis
in 3D with in-situ characterization will be required to confirm the stated hypothesis. Therefore, high
throughput tomography?'®2'° and electron tomography at the atomic scale combined with in situ
experiments (Chapter 8) will be an important challenge for the future?82%®, In summary, our 3D
characterisation confirmed that the temperatures of the movement and elimination of cavities in
hollow nanostructure were not fixed, as already suggested by 2D image characterisation. Our results
indicated a possible connection of the cavity distance-to-surface with the temperature that the cavity
reaches the external surface of the nanoparticle. Still, further investigations are required to confirm

our observations.

23°C 100°C 200°C 300°C 400°C 500°C 600°C 700°C 800°C

Temperature

Figure 4.20 — Volume rendering of the 3D morphology of two different hollow gold nanoparticles
during in-situ heating at the indicated temperature, for 5 min. For the nanoparticle 1 (top row), the
cavity reached the outer surface of the nanoparticle at 300°C while for nanoparticle 2 (middle row),

the temperature was 500°C and for nanoparticle 3 (bottom row), the temperature was 400°C.
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Threshold
Distance of temperature Was the cavity
Nanoparticle | Cavity size the cavity for c.awty ellrrunatec! upon
System PR (nm) from the reaching the increasing
closest surface/total temperature
surface (nm) elimination conditions?
(°C)

1 16 6 3 - No
2 13 4 1 300/700 Yes
3 24 6 4 500/600 Yes
4 13 3 2 400/500 Yes

Table 4-2 — Table summarizing the physical properties of hollow nanoparticles at room temperature

obtained from the 3D reconstructions.
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Figure 4.21 — Analysis of the cavity distance-to-surface and the threshold temperature for cavity

reaching the external surface. Here, an increasing trend has been observed.

Itis important to note that regions of the TEM grid that were not illuminated with the electron
beam prior to heating of the system showed a segregation and formation of larger particles with
irregular shapes at increasing temperature conditions (Figure 4.22). Besides, the presence of cavities
were not observed for temperatures higher than 500°C. The formation of a carbon layer on top of the
region of interest during the scanning of the beam is a well known mechanism??°22, Such layer can
act as a shell for the nanoparticles under investigation during in-situ heating experiments, preventing
their agglomeration into larger structures??? and minimizing the effects of morphological

deformations upon thermal heating’. Indeed, the characterization of nanostructures with a silica shell
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at higher temperatures revealed the absence of clustering effects upon heating, even for non-
illuminated particles??®. To further determine how the formation of the carbon layer upon electron
beam irradiation influences the dynamical behaviour of hollow nanoparticles, ex-situ heating

experiments are required.

Figure 4.22 — HAADF-STEM image of gold nanospheres at 500°C that we not previously illuminated
with the electron beam at room temperature. Agglomeration of nanoparticles and the formation of

larger structures with irregular shapes were observed.

4.8 Formation mechanisms of cavities in hollow nanoparticles

To understand the nature and formation of the cavities, molecular dynamic simulations were
carried out by the group of Prof. Dr. O. Pefia-Rodrigues (Universidad Politécnica de Madrid). For this
purpose, three different systems were investigated (Figure 4.23): (a) an empty cavity, (b) a cavity filled
with argon and (c) a cavity filled with water. The precise composition of the content of the cavity is
unknown, but EELS measurements indicate that the cavities contain organic material from the
surfactant, water molecules from the medium, or a gas derived therefrom. Therefore, molecular
dynamic simulations were performed for cavities filled with a liquid (water) and a gas (argon). Water
is the most likely liquid candidate to exist in the cavity, whereas argon was chosen for the sake of
simplicity, considering that noble gases are easier to represent in molecular dynamics simulations with

a simple Lennard-Jones potential. The technical details of the simulation can be found in [*%].
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Moreover, the results concerning the dynamical behaviour of the cavities upon increasing
temperature obtained from in-situ electron tomography are of great relevance during the evaluation

of the findings obtained from simulations.
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Figure 4.23 — Summary of molecular dynamics results. Snapshots of (a) hollow, (b) Argon-filled, and
(c) water-filled gold spheres, as a function of temperature. (d) Snapshots of a water-filled gold sphere
heated at 2000 K, as a function of time. The OVITO visualization software was used to generate the

snapshots??*, Figure extracted from [*®°].

For empty cavities or filled with argon, at temperatures of 1200 K and below, no changes were
observed in the cavity size and position. However, for the second case, for temperatures of 1300 K
and above, the cavity size was found to reduce until the particle collapsed into a solid sphere (Figure
4.23.b). For cavities filled with water, the movement towards the closest surface was observed for
temperatures of 1200 K or above, until its contents were eliminated to the external environment,

similar to our findings based on in-situ heating tomographic experiments (Figure 4.23c).

The water-filled cavity (Figure 4.23.c) moved towards the outer surface without size reduction
and the displacement could already be observed at 1200 K (i.e., below the melting point of gold). It
should be noted that water travels collectively inside the gold nanoparticle, and diffusion of individual

molecules was not observed. This collective displacement generates a protrusion in the nanocrystal
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at times prior to the release. Once the crack occurs, a massive release of water molecules is produced
in all directions, followed by collapse of the nanocrystal surface. The gold nanoparticle thus heals the
gap by closing on itself and producing a flat region with a small pore. The displacement and release of
water from the nanocrystal is enhanced by a temperature increase (i.e., the outwards movement is
faster at higher temperatures, Figure 4.23.d). The observed migration can be explained by the
eccentric location of the cavity, which translates into asymmetric resistance to a sudden expansion of
the inner sphere. This effect creates a net force in the direction of the thinner gold wall that displaces

the cavity in the same direction®®.

The findings from in-situ heating tomography (section 4.7), EELS analysis (section 4.6) and the
molecular dynamics simulation shed light on the formation mechanism of hollow nanostructures upon
nanosecond laser pulses. The hypothesis formulated'®® based on all the mentioned results states that
the transformation into hollow gold nanoparticles by nanosecond pulsed irradiation can be mediated
by melting of the gold nanocrystal. Subsequent expansion and stretching of the resulting liquid
droplets would result in formation of gaps and, at high enough energies, in an explosion, thereby
releasing some fragments (Figure 4.24). Under rather specific conditions, such as those investigated
in this study, the explosion can be counteracted and a small amount of water and organic matter
(derived from surfactant molecules) would enter the gold nanoparticles through the gaps created
during expansion, and remain trapped during the cooling process (recrystallization). In this manner, in
addition to the small fragmented gold nanoparticles typically observed in nanosecond laser pulse

experiments, some hollow gold nanoparticles would also be produced (Figure 4.24).
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Figure 4.24 — Proposed mechanism for the fragmentation and formation of hollow gold nanoparticles
by ns laser pulses. Excitation with ns pulses may lead to melting of the gold nanoparticles. The
expansion and stretching of liquid droplets produce gaps and induce the release of fragments by
explosion. During the cooling process under specific conditions, the explosion can be counteracted by
the penetration of some water molecules and organic matter (derived from surfactant molecules) in

the gold nanoparticles, thereby stabilizing the cavity. Figure extracted from ['#°].
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4.9 Conclusions

Using electron microscopy, we have shown that defects are introduced in the crystal structure of gold
nanospheres upon nanosecond laser pulses. Moreover, we could reveal that hollow structures were
produced upon laser irradiation at specific conditions. Our atomic resolution reconstructions allowed
a further characterisation of the morphological properties of the crystal lattice, such as the verification
of the presence of lattice strain and facets. Moreover, 3D in-situ investigations, together with
spectroscopic measurements and molecular dynamic simulations were of great relevance in the
determination of the internal composition of cavities in hollow nanoparticles as well as in the
comprehension of the formation mechanism of such cavities. The possibility of entrapping matter
from the surrounding medium during thermal expansion of gold nanoparticles may be the first step
toward the development of novel methods for the preparation of hollow nanostructures in high yield.
The trapped matter can be subsequently released either by means of conventional heating or by
irradiation with ultrashort laser pulses, with potential applications, for example, in controlled gas and

liquid storage and delivery.
4.10 Experimental methods

In this section, a summary of the different approaches for the characterization of
nanomaterials based on advanced techniques for electron microscopy is provided. High resolution
STEM imaging delivered information regarding the atomic structure of the spherical nanoparticles
before and after laser interaction, as well as the crystallographic nature of the structural defects
found. The analysis of a tilt series of ADF-STEM images was used to identify nanoparticles that
contained structural defects with statistically relevant distribution. Spectroscopic techniques such as
EDX was used for the chemical composition determination of nanospheres irradiated in the presence
of CTAC and Ag' ions. Moreover, EDX measurements were used to shed light on the chemical
composition of some nanospheres that showed a different contrast pattern in HAADF-STEM images.
Electron tomography was employed for the structural determination of the latter structures,
confirming the contrast pattern observed corresponded to the presence of cavities in those
nanoparticles. Atomic resolution electron tomography was used to further investigate the crystalline
structure of hollow nanoparticles and determine the presence of lattice strain associated with the
existence of cavities, by applying 3D GPA method. Moreover, EELS measurements were used for the
determination of the presence of compounds inside the cavities, while in-situ heating experiments in
2D and in 3D were performed to further investigate the dynamical behaviour of the cavities upon

increasing temperature conditions. The combination of the advanced methods for electron
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microscopy resulted in the determination of the formation mechanism of cavities in hollow

nanoparticles.

4.11 Author contribution

Thais Milagres de Oliveira performed the statistical analysis of defects and high-resolution
HAADF-STEM imaging of the nanoparticles with different sizes before and after nanosecond laser
pulses in collaboration with Prof. Dr. Thomas Altantzis. Thais Milagres de Oliveira performed
acquisition of the tomographic series, at low and high magnifications, the reconstruction of the low
maghnification series, the statistical analysis of the cavities, the optimization of the acquisition scheme
for the atomic resolution tomographic series, the 3D GPA code implementation/application in
MATLAB, all the analysis of all reconstructions on STEM imaging and EDX spectroscopy. Dr. lvan Lobato
developed the Convolutional Neural Network for the image processing of multiple frames. Both Dr.
Ivan Lobato and Thais Milagres de Oliveira performed the reconstruction of the atomic structure in
3D. Dr. Wiebke Albrecht performed the EELS spectrum acquisition and analysis. Thais Milagres de
Oliveira performed all the image acquisitions, all the reconstructions and all the analysis based on the
3D evolution of the cavities upon increasing temperature conditions. Synthesis of gold nanospheres,
nanosecond laser pulses treatment and the TEM characterisation of the formation of hollow
nanostructures by varying the laser fluence, the surfactant concentration and the particle size were
carried out by the research team of Prof. Dr. Luis M. Liz-Marzdn. Molecular dynamics simulations were

carried out by the group of Prof. Dr. O. Pefia-Rodrigues (Universidad Politécnica de Madrid).

The author of the present thesis contributed to this study by providing a statistical analysis of
the defect type and defect yield for different systems, by investigating the atomic structure of hollow
nanostructures in 2D and 3D and by investigating the dynamical behaviour of cavities under increasing

temperature conditions in 2D and 3D.
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Appendix A. Methodology for electron tomography at the atomic
level without the assumption of prior knowledge of the material under

investigation

Image restoration based on Convolutional Neural Network (CNN)

Conventional HAADF-STEM images always contain scanning artefacts mainly due to the
instrument instabilities (acoustic, mechanic and electromagnetic interferences), scanning speed and
drift of the specimen. Those artefacts can hamper the quantification of structural information, such
as the atomic lattice arrangement. Besides, such prolonged illumination can result in radiation damage
of the specimen, altering its atomic structure. Thus, in this approach, multiple frames of the specimen,
with a fast scanning time, are acquired at each tilt angle, offering more reliable results of the
specimens under investigation. However, the use of very fast scanning times (1s for an image of 2048
by 2048 pixels) can introduce extra scanning distortions in the range of kHz-MHz frequency®®°.
Additionally, due to the very short acquisition time, the resultant signal-to-noise ratio in the images
is very low. Recently, an image restoration based on a convolution neural network (CNN) with 12 layers

150 and applied in the present PhD research. With

was developed in our laboratory by Dr. Ivan Lobato
this approach, it is possible to minimize the effects of e.g. scanning distortions, jitter x/y, dead pixels,
saturation, count and thermal noise. To train the CNN, several HAADF-STEM images with and without
known distortions were simulated®°. To illustrate this effect, Figure A.1 shows a single frame before
(a) and after (b) image restoration. As a result, the signal-to-noise level is largely improved and the

atomic resolution features are recovered after applying the image restoration approach.

Before j(b)

Figure A.1 —High Resolution HAADF-STEM frame (a) before and (b) after the image restoration through

the Convolutional Neural Network.
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Image registration

Another bottleneck for high-resolution STEM imaging is the specimen/stage drift, due to
thermal and mechanical instabilities of the nanoparticle on the grid upon interaction with the electron
beam, as well as the mechanical instabilities of the goniometer. Consequently, the recorded images
display distortions that can degrade both the resolution of the features and the signal-to-noise ratio
of the image. By acquiring a time series of images for each projection, it becomes possible to minimize
this effect by a proper alignment of the images, followed by an averaging step that yields a single
projection image. This can be achieved in two parts. First, a rigid transformation step based on affine
operations is carried out, where the image displacement between frames and the shear effect of each
image is corrected. Subsequently, a non-rigid transformation is applied to compensate the residual
low frequency distortions from the CNN step. For this correction, an averaged image after rigid
transformation is generated and used as the reference image. In an iterative process, each frame is
compared with the averaged image and local corrections are applied. After a number of iterations
(chose by the user), a new averaged image is generated based on the corrected frames, followed by
another set of iterations. Figure A.2 illustrates the image quality improvement before and after image
registration (rigid and non-rigid) of the averaged time series at a given projection. The development

and implementation of image registration was carried out in MATLAB, by Dr. Ivan Lobato.

Before | (b)

Figure A.2 — Averaged and restored frames for a single projection (a) before and (b) after drift

compensation is applied.

Image alignment of the tomography series

Similarly to the conventional electron tomography for nanometre characterisation, it is vital
that the projection images are aligned with respect to each other, as well as the tilt axis of the

tomography series. In case of residual misalignments, the recovery of the complete atomic structure
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in 3D cannot be achieved!®. For the alignment of the tomography series, a modified phase correlation
is used to estimate the offset between consecutive images with subpixel precision. To obtain such
sub-pixel precision, the phase correlation between two consecutive images are convoluted with a 2D
Gaussian sphere. One important aspect for a proper alignment is the presence of a carbon support
and the deposition of organic species on top of the specimen during electron beam illumination?29221,
The main sources of contamination are the specimen, the specimen holder, the diffusion pump and
the grease from o-rings inside the microscope??!. Consequently, the surrounding environment might
not be the same for projections at different angle tilts. Thus, background subtraction and
segmentation steps are applied before the alignment of the images to avoid any deviation on the
calculations of the shift between consecutive images. For the determination of the shift and rotation
of the tilt axis, slices along the object are reconstructed for different values of the shift and rotation.
An incorrect shift and/or rotation of the tilt axis will result in a larger residue value of the
reconstruction in comparison to the residue value of the correct alighment. The determination of the
correct parameters correspond to the minimal residue value obtained for each reconstruction
condition. The described alignment procedures were developed and implemented in MATLAB by Dr.

Ivan Lobato.
3D reconstruction

The 3D reconstruction at atomic level is carried out using conventional SIRT algorithm, from
Astra Toolbox, implemented in MATLAB using high performance GPU52%, Additionally, constraints
on the grey levels in real and reciprocal space are applied in the obtained 3D volume from a SIRT
reconstruction??2%’, Subsequently, a normalization step is carried out, using one projection image as
reference. This is required because the filtering in Fourier space modifies the values of each voxel. To
avoid the introduction of extra artefacts during the next reconstruction steps, it isimportant to rescale
the voxels to the corresponding values of the tomographic series. The obtained 3D volume is used as
the starting point for the next SIRT reconstruction and the described procedures are applied until
convergence is reached. The aim of this approach is to ensure that the 3D reconstructed volume
corresponds to the global minimum of the residue instead of a local minimum. This methodology was

implemented in MATLAB by Dr. lvan Lobato.
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Chapter 5. 3D characterisation of gold nanorods welded by

femtosecond laser pulse irradiation

5.1 The use of femtosecond laser pulses to control the distance tip-to-tip in dimers

and trimers of nanorods

The use of ultrafast laser pulses is not restricted to the introduction of defects in the crystal
lattice of nanomaterials (Chapter 4). The approach can also be used to weld the tips of the nearest
nanorods’®228, For such structures, coupling of the electromagnetic field leads to additional hybridized

229-236 Moreover, it was found that the

plasmon modes and potentially strong field enhancements
laser fluence is a key parameter. For laser fluences higher than 500 J/cm?, it has been demonstrated
that gold nanorods achieve the melting temperature for gold (1337 K)’322%, Due to the field
enhancement present in the gap between the tips of the nanorods arranged in dimers and trimers,
the tips of nanorods can melt at such high fluences?*®. Thus, femtosecond laser pulses can be used to
enable a tip-to-tip welding process of gold nanorods 7%l Duye to the presence of a conductive
nanojunction between the nanorods, a new plasmon mode arises, associated with the charge flow
between the nanorods, resulting from the hybridization of the longitudinal modes of the individual
nanorods?31:233229.236 Bacause of these unique plasmonic properties, metallic welded nanorods are of

great interest, with potential applications in molecular sensing to nanoscale wave-guiding®:237-2%9,

The impact of femtosecond laser pulses on the welding of gold nanorods has been explored
using 2D optical ensemble techniques such as the absorbance measurements by
ultraviolet/visible/near-infrared (UV/VIS/NIR) spectroscopy, in combination with simulations’®23%235,
Although TEM have also been used for characterisation of welded nanostructures, these studies
mainly focused on determining the average aspect ratio of the nanorods and the 2D projected
geometry of welded nanorods®*#®, However, the presence of defects can e.g. lead to additional

240 resulting in damping of the plasmon modes’?*44, Unfortunately, it remains

scattering of electrons
unclear what type of defects are introduced by the femtosecond laser pulses and how these defects
relate to the welding geometry. In this study, we therefore analysed the 3D atomic structure of welded
nanostructures with different welding geometries. Moreover, the energy and spatial distribution of
plasmon modes, for individual systems with different welding geometries, using STEM-EELS. Finally,

we investigate the influence of the presence of defects in the nanojunction on the plasmonic

properties.
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5.2 3D characterisation of the welded nanorods

First, single gold nanorods were investigated before and after femtosecond laser pulses by
high resolution HAADF-STEM (Figure 5.1.a-b). For the specific excitation conditions used in the present
study, individual gold nanorods did not show the presence of structural defects after laser pulse
irradiation. This is likely depending on the frequency and/or the fluence of the laser used for the
excitation. However, in the case of gold nanorods that are welded by laser pulses, grain boundaries
(Figure 5.1.c-d) or dislocations (Figure 5.1.e-f) could be observed at the interfaces between gold

nanorods. We therefore investigated the relation between welding geometry and defect type

formation.

Figure 5.1 — High-resolution HAADF-STEM images of different welded gold nanorods showing the
presence of different types of defects. The characterisation of single gold nanorods before (a) and
after (b) irradiation with femtosecond laser pulses revealed the absence of defects. (c)-(d) Grain
boundaries were often observed at the junction between welded gold nanorods. (e)-(f) Dislocations
at the interface of welded nanorods. The insets at the top right show lower magnification HAADF-

STEM images.

In order to investigate the geometries after welding in more detail, electron tomography was
used. Examples of 3D visualizations of the reconstructed volumes for different welding geometries are

displayed in Figure 5.2.a. From these results, the welding angles were determined in 3D and correlated
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with the type of defect (grain boundary or dislocation). The welding angles were defined as the Euler
angles a and B, with one of the gold nanorods oriented along the z-axis, as illustrated in Figure 5.2.b.
However, this parameter can only be obtained from analysis of the 3D atomic structure. Statistical 3D
analysis of 32 configurations revealed that a ranges from 61° to 179° and B from 0°to 42° (Figure 5.2.c-
d). Studies have reported a similar distribution of a for nanorods dimers and trimers connected by
molecular linkers before welding, albeit based on 2D images’®. This comparison suggests that the gold
nanorods maintain their initial orientation after welding under femtosecond laser pulses. Besides the
welding angles, the epitaxy rotational relationship between both nanorods needs to be considered.
For 10 out of these 32 welded gold nanorod pairs, we acquired 2D high-resolution HAADF-STEM
images, with examples shown in Figure 5.1.c-f. We observed dislocations for geometries in which the
crystallographic directions of the individual gold nanorods were close to perfect epitaxy. For all other

welding geometries, grain boundaries were identified.
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Definition of the Euler angles
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Figure 5.2 — (a) 3D morphology of different welding geometries determined by electron tomography
with respective welding angles. (b) Definition of Euler angles: one gold nanorod is placed along the z-
axis. a and B correspond to the angle of the other Au NR around the y and x axes, respectively. The
measured welding angles of the different welded systems shown in (a) are indicated next to the 3D
morphology. Statistical distribution of the welding angles (c) a and (d) B for 32 gold nanorods dimers

with different configurations, based on the analysis of 3D data.

In order to visualize the distribution of defects in 3D, multimode tomography was employed,
as described in the Chapter 3. Figure 5.3 shows a HAADF- and LAADF-STEM projection image of welded
nanorods and respective slices through the 3D reconstructions. In both the projection image and a
slice through the LAADF-STEM reconstruction, an intensity variation due to the presence of the defect
is visible. More specifically, a bright line was observed at the interface between the two nanorods, as
indicated by the white arrow in Figure 5.3.d. By performing a manual segmentation over such intensity

variation, the visualization of the 3D distribution of the defect could be obtained (Figure 5.4). These
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results revealed that the presence of planar defects that are always located at the interface between
the nanorods in the welded system. However, it is still unclear the crystallographic nature of those

defects in 3D.

HAADF | (b) Orthoslice

LAADF | (d) \Orthoslice

Figure 5.3 — (a) HAADF-STEM projection image with (b) respective slice through the 3D reconstruction.

(c) LAADF-STEM projection image with (d) respective slice through the 3D reconstruction.

Figure 5.4 — 3D reconstructions of different welded geometries. The reconstructed morphology
originates from HAADF-STEM images, whereas defect region is indicated in pink, based on manual

segmentation of LAADF-STEM reconstruction.
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5.3 3D investigation of the defect type at the atomic level

To visualise the crystallinity of defects at the nanojunction, electron tomography at the atomic
level was performed. In the past, prior information about the investigated material was often used to
achieve high resolution in 3D''"113, These methods are unfortunately no longer applicable for the 3D
investigation of more complex nanostructures such as the welded gold nanorods in this study.
Therefore, an approach, recently developed at EMAT, was applied here (Chapter 4 and Appendix A)

using the same parameters and microscope described in Chapter 4.

The first system investigated by atomic resolution tomography corresponds to nanorods with
welding angle a of 146°, as indicated in Figure 5.5. A 3D representation of the reconstructed volume
and slices through it are shown in Figure 5.5.b,d-e respectively. It is clear that both nanorods did not
share the same crystallographic orientation (Figure 5.5.b), and, therefore, a grain boundary was
formed at the nanojunction (indicated by the white arrow). More specifically, the left gold nanorod is
oriented along the [110] zone axis in Figure 5.5.d, whereas the right gold nanorod is oriented along
the [110] zone axis in Figure 5.5.e. Measurements of both crystallographic orientations revealed a
rotational deviation of 3° and a tilt deviation of 50° from the perfect epitaxy relation between the gold
nanorods (as defined in Figure 5.6). By performing a manual segmentation, the grain boundary at the
interface between both crystal lattices could be visualised (Figure 5.5.c). Another example (a = 131°)
yielding similar results is provided in Figure 5.7. These examples suggest that grain boundaries are

formed at the interface between the nanorods in case there is a large deviation from perfect epitaxy.
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Figure 5.5 — (a) HAADF-STEM image of welded gold nanorods. The region inside the white box was
studied by using atomic resolution electron tomography. (b) 3D visualization of the reconstructed

volume. (c) Segmented grain boundary. (d)-(e) Slices across the 3D reconstruction along different

orientations, revealing the presence of a grain boundary.
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Figure 5.6 — Definition of tilt 8 (top) and rotational m (bottom) deviation from perfect epitaxy between

two crystals.

Figure 5.7 — (a) HAADF-STEM image of the investigated welded gold nanorods. The white box indicates

the region used for the acquisition of tilt series by electron tomography. (b) 3D representation of the
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reconstructed volume. (c) Higher magnification orthoslice, revealing the presence of a grain boundary,

as indicated by the white arrows.

As mentioned in 5.2, a small crystallographic mismatch of the two nanorods before welding is
expected to lead to dislocations at the interface. The representation of the 3D crystal lattice at the
atomic level for such an example is presented in Figure 5.8, where a tilt of only 1.3° was measured
between the crystallographic orientations of the welded nanorods. The overview image of the
geometry and the volume rendering of the atomic structure at the nanojunction is displayed in Figure
5.8.a-b. Two dislocations at the interface of the welded nanorods are revealed, indicated by the white
arrows in Figure 5.8.c. To determine the exact location of the defects in the crystal lattice, Fourier
filtering was applied to all atomic planes of the crystal, as presented in Figure 5.9 for a given atomic
plane. Additionally, the recovery of the 3D structure enabled the investigation of the extension of the
defect in the third dimension, which was achieved through a precise 3D segmentation of the position
of each dislocation, based on the Fourier filtering of selected atomic planes (Figure 5.9.b-c). Figure
5.8.d displays the segmented dislocation 1 at the nanojunction, which traverses the nanorod in a non-
parallel path with respect to the atomic arrangement. For dislocation 2, with the segmentation shown

in Figure 5.8.d, a more irregular pattern of the defect was observed.

Figure 5.8 — (a) HAADF-STEM image of a trimer of welded gold nanorods. The region inside the white

box was studied by high-resolution electron tomography. (b) Visualization of the 3D reconstructed
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volume. (c) Orthoslice through the 3D reconstruction revealing the presence of two dislocations, as
indicated by the white arrows. (d) Dislocation 1 was linear, whereas dislocation 2 presented an

irregular pattern.
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N

Figure 5.9 — (a) Slice through the 3D retrieved atomic structure. The Fourier filtering allowed the

determination of the exact location of the dislocations, as indicated by the white arrows in (b) and (c).

Insets display the spots used for the Fourier filtering.

5.4 Characterisation of the plasmonic properties of welded nanostructures

Next, the plasmonic properties of welded nanorods with different welding geometries were
evaluated. We hereby analysed the spatial distribution of the plasmon modes for different welding
geometries using monochromated STEM-EELS. Low-loss spectrum maps were acquired in a
monochromated aberration-corrected ‘cubed’ ThermoFisher Titan 60-300 electron microscope

operated at 120kV, with energy resolution of 175 meV.

The normalized spectra of different welded nanorods(Figure 5.10.b-d and Table 5-1) are
shown in Figure 5.10.a. By selecting the energy range associated with each of the three peaks, three
different field distributions could be detected, as shown in Figure 5.10.e-m. As mentioned earlier,
when metallic nanoparticles are placed closely together, a collective behaviour arises from
electromagnetic coupling of the LSP modes of each nanoparticle, giving rise to different plasmonic

233 such as the so-called bonding dimer plasmon (BDP) mode?1233242 Moreover, due to the

modes,
presence of a conductive nanojunction between the nanorods after welding, a new plasmon mode
arises, associated with the charge flow between the nanorods. This is the result of the hybridization
of the longitudinal modes of the individual nanorods, known as the charge transfer plasmon (CTP)
mode?? 23123336 pdditionally, it has been observed that the BDP resonant peak displays a blue-shift

after welding, due to the decreased capacitive coupling of the nanorods and the interaction with the

CTP mode. This is referred as the screened bonding dimer plasmon (SBDP)?2%232233  Moreover,
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simulations of conductively connected nanorods revealed that a screened antibonding dimer mode

(SADP) can also be observed as a bright mode

. Moreover, it has been shown that EELS

measurements are capable to detect dark modes?®. Therefore, the SBDP and SADP modes of welded

nanorods can be characterized using EELS measurements.
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Figure 5.10 — (a) Normalized EELS spectra of three different welded NRs shown in (b)-(d). (e)-(m)

Spatial distribution of the plasmon modes for the different welding geometries observed from the

spectra. Three different plasmon modes were identified as the CTP, SBDP/SADP and TSP mode. The

energy range of the plasmon maps is indicated in each map.

System Length (nm) Width (nm) Aspect-Ratio
Welded Au NRs1 - NR1 55 22 2.50
Welded Au NRs1 - NR2 60 22 2.73
Welded Au NRs2 - NR1 46 19 2.42
Welded Au NRs2 - NR2 54 22 2.45
Welded Au NRs3 - NR3 58 23 2.52
Welded Au NRs3 - NR4 59 235 2.51

Table 5-1 — Table summarizing the dimensions of welded Au NRs shown in Figure 5.10.

From our EELS results, we were able to identify the different plasmon modes for various

dimers according to their spectra and associate them to the obtained field distributions, based on

previous knowledge reported in the literature??>-233236.244 (Eigyre 5.10.b-d). The field concentration at
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the non-welded tips (Figure 5.10.e,h,k) corresponds to the CTP mode, as this map is a result of the
energy selection correspondent to the first peak. Besides, the energy range is in good agreement to
the resonant energy of the CTP mode reported in literature??°-233236.244 The surrounding medium was
different for areas at the top and the bottom of the region of interest due to the deposition of organic
species during the acquisition of the EELS spectral data??’. Therefore, the dielectric constant of the
surrounding of the welded nanorods was slightly modified, causing a red-shift of the resonant energy
peak for regions with a thicker layer of organic compounds?*3?%>, The extend of deposition of organic
compounds is strongly dependent on the type of solvent and ligands used in solution. To quantify the
extent of the energy shift caused by the deposition of organic compounds, the spectrum from a
selected region (Figure 5.11.b) was extracted. As a result, the spectrum for each mode could be
separately obtained (Figure 5.11.a), differently to the spectrum shown in Figure 5.10.a, where the
contribution of different plasmonic modes are displayed in the same curve. The present analysis
revealed a clear red-shift of the CTP peak of the bottom non-welded tip (0.96 eV) in regard to the top

non welded tip (1.08 eV) is clearly visible and equals to 0.12 eV.
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Figure 5.11 — (a) EELS spectra of the SBDP, CTP and TSP modes for the welded NRs shown in (b). (b)
Example of selected regions for the extraction of energy loss spectra to fit the CTP, SBDP and TSP
modes. A clear red-shift is observed in CTP 2 curve in comparison to CTP 1, due to the deposition of

organic species.

The plasmon maps for the energy range correspondent to the second peak are shown in Figure
5.10.a and revealed a field concentration at welded and non-welded tips, indicating that both the
SBDP and SADP modes were excited?*® (Figure 5.10.f,i,I). This observation is in agreement with
previous results reported in literature??232233_ Finally, the field distribution observed in Figure

5.10.g,j,m is associated with the transverse surface plasmon (TSP) mode.
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Moreover, the SBDP/SADP mode exhibited a field concentration at the welded and non-
welded tips of the nanorods pairs, indicating the contribution of both bonding and anti-bonding
modes?*®. For the welded nanorods with the largest a angle (Figure 5.10.f), a rather uniform
distribution was observed for all four tips?*®. The upper nanorod had a slightly smaller aspect ratio
(2.50) than the lower one (2.73)?*. The differences in aspect ratios suggest that the field distribution
around the lower (upper) nanorod is connected to the bonding (anti-bonding) mode?32246:247 Thjs
observation is supported by optical measurements and simulations, where the bonding (anti-bonding)
mode is governed by the longitudinal plasmon resonance of the higher (lower) aspect ratio nanorods
for both connected and non-connected nanorods heterodimers?32247, Additionally, a slightly higher
field concentration at the non-welded tip of the lower nanorod compared to the upper was observed,
suggesting a stronger contribution of the SBDP mode?*®. Besides, for the configuration with the lowest
a angle (Figure 5.10.1), the concentration of the field distribution was the highest not around the
welded nanojunction, but rather at the welded tip of the upper nanorod?*. This observation suggests

that the SBDP mode extends over the nanojunction?®, as previously observed?2,

Next, the influence of the defect type (dislocation or grain boundary) on the CTP mode was
investigated in more detail. Such experiments performed here by STEM-EELS, with energy resolution
of 90 meV, are of great interest since they enabled us to directly link the optical properties with the
structure of individual nanoparticles. For this purpose, two welded systems with almost identical
welding geometry and different epitaxy relationships were selected (¢ = 180° and S = 0°), where in
one case a grain boundary was present and in the other, a dislocation. For the present study, two
welded gold nanorods were investigated for each defect type (Figure 5.12). Because higher
magnifications are responsible for an increase of carbon build up during the scanning of the electron
beam, the identification of the defect type was performed with ADF-STEM imaging. In this manner,
we were able to minimize the effects of the deposition of organic species prior to the EELS

measurements.
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Dislocation Dislocation

(c) Grain boundary i (d) Grain boundary

Figure 5.12 — ADF-STEM images of welded Au NRs with almost identical welding geometry containing
(a)-(b) dislocations and (c)-(d) grain boundaries. The presence of diffraction contrast enabled us to
identify the systems containing grain boundaries, at relatively low magnifications. This image mode
prevents the deposition of organic species during the electron beam scanning prior to the

spectroscopic data acquisition.

Analysis of the energy spectrum of the CTP mode for both cases revealed a difference smaller
than an average of 20 meV for the resonant energy of the CTP mode. Since this value is smaller than
the energy resolution of the measurement, it is most likely that the defect type has no substantial
influence on the resonant energy of the CTP mode. The dimensions of the welded gold nanorods can
be found in Table 5-2. In addition, to evaluate the broadening of the plasmon mode by the different
types of defects and hence the damping induced by these defects, the linewidth of the CTP mode (I')
was determined from fitting the measured CTP mode with a Lorentzian function?*. To ensure that no
carbon build-up artificially broadened the plasmon mode, the CTP mode was only extracted at the
side of the welded system, which was closer to the beginning of the EELS scan. In addition,
deconvolution of the EELS spectra was used. The obtained linewidth I' for the two systems containing
dislocations was equal to 229 meV in average, whereas for a grain boundary this value corresponded
to 206 meV, for two different welded gold nanorods, as shown in Figure 5.13.b by the red and blue
dots respectively. Although these results suggest that dislocations cause a slightly larger broadening
compared to grain boundaries, the observed differences are smaller than the energy resolution. To

compare the influence of defects on the plasmon damping with systems without defects, single
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crystalline gold nanorods with similar aspect ratios as the welded systems were investigated under

the same conditions. Such comparison is possible, since the CTP mode of welded gold nanorods

mimics the longitudinal mode of a single nanorod larger in size?*®. Here, 9 gold nanorods with aspect

ratios ranging from 3.7 to 6.3 were investigated (details can be found in the Table 5-2). In this manner,

we could observed that he linewidth I' increases for increasing energy of the resonant mode, as

expected from literature?®. This behaviour is illustrated in Figure 5.13 by the green dots. Moreover,

the line linewidth I' of the longitudinal mode of long gold nanorods at similar energies of the welded

system was found to be smaller than 180 meV.
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Figure 5.13- (a) EELS spectra of a welded gold nanorods with dislocations at the interface (blue) and

a single crystalline gold nanorod (green), where their Lorentzian character is evident. (b) Linewidth of

the CTP mode for welded gold nanorods containing dislocations (blue) and grain boundaries (red),
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with almost identical welding geometry. In green, the experimental values of the linewidth observed
for different single crystalline gold nanorods with similar aspect ratio of the welded systems, at varying

resonant energies.

System Length (nm) Width (nm) Linewidth I’
Long AuNR_1 145 39 140
Long AuNR_2 145 34 116
Long AuNR_3 137 30.5 96
Long AuNR_4 145 31 100
Long AuNR_5 154 38 128
Long AuNR_6 135 20 64
Long AuNR_7 159 36.5 118
Long AuNR_8 145 31 100
Long AuNR_9 142 31 100
Welded AuNR_disl_NR1 55 21 54
Welded AuNR_dis1_NR2 47 20 -
Welded AuNR_dis2_NR1 51.5 19.5 58
Welded AuNR_dis2_NR2 52 22 -
Welded AuNR_GB1_NR1 49 19 56
Welded AuNR_GB1_NR2 54 22 -
Welded AuNR_GB2_NR1 56 20.5 52
Welded AuNR_GB2_NR2 49.5 20 -

Table 5-2 — Table summarizing the dimensions of long gold nanorods (AuNR) and welded gold
nanorods experimentally investigated. The linewidth I of welded nanorods is displayed only once,
since the physical quantity was obtained for the complete welded system and not for individual

nanorods.

Moreover, simulations based on Boundary Element Method (BEM)*°2! using the full

Maxwell’s equations of long gold nanorods with same dimensions and volumes of the experimental
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cases revealed the same trend (Figure 5.14)%*. The simulated results also showed an increasing
behaviour of the linewidth I for increasing energy, as observed experimentally. However, the
linewidth I' of the experimental results are broader than the values obtained by simulations, due to
the limited energy resolution of the electron microscope and the additional damping from the
interaction of surface electrons with the environment at the interface of the nanorods?°?2°3, which
contains organic species (from the carbon support of the TEM grid, surface ligands and deposition of

organic species).
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Figure 5.14 — Linewidth obtained from the determination of the FMHW of the CTP mode for long gold
nanorods obtained experimentally (green) and from simulations (orange). The larger values observed
in the experimental data arise from a combination of the limited energy resolution of the microscope
and additional broadening due to the surface ligands, carbon support and the deposition of organic

compounds upon interaction of the region of interest with the electron beam.

Additionally, simulations of welded gold nanorods were carried out. In this case, the geometry
of the welded system was obtained from the 2D images and from tomographic results?®. In both
cases, the simulated results of welded gold nanorods showed smaller linewidth I' when compared
with the values obtained experimentally for the systems with similar geometry (Figure 5.15 and Table
5-2). The obtained linewidths I" for the simulated welded nanorods are slightly smaller in comparison
to single crystalline nanorods at the same resonant energy. This observation can be explained by the
smaller radiation damping observed in nanoparticles with smaller volumes®*4. Moreover, the effect of
the volume of the system in the broadening of the linewidth I' is discarded, as the simulations were

based on welded gold nanorods with the same geometry of the experimental cases. Besides, the
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crystallinity of the welded gold nanorods were not taken into account during the simulations.
Therefore, our findings suggest that the observed broadening of the linewidth I" of the resonant mode

observed for experimental welded gold nanorods is attributed to the presence of defects.
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Figure 5.15 — Linewidth obtained from the determination of the FMHW of the CTP mode for long Au

NRs (orange) and welded Au NRs (purple) obtained from simulations.

Our findings unambiguously indicated that the presence of defects in welded gold nanorods
are responsible for a broadening of the CTP resonance, where the type of defect has not shown a
direct influence. The presence of structural defects is responsible for changing locally the atomic
potential of the object and, consequently, the dielectric constant of the material®®?%. Besides, for
polycrystalline structures where the grain size is smaller than the mean-free path of the cloud of free
electrons, an increase of the collision rate of the free electrons with the boundary of the defect is
expected*®?522%¢ Thus, an increase of the damping constant (characterized by the linewidth T) is
observed for structures containing lattice defects, since the total damping term is the sum of the
contribution from radiative (resonant scattering), non-radiative (absorption) processes and the
coupling of plasmonic modes with electronic transitions in the matrix in which the nanoparticle is
embedded 2’729, For the non-radiative processes, contributions from the collision rate from electron-
electron, electron-phonon and electron-defect scattering are the main parameters for metallic
nanostructures*. Consequently, the intensity of the plasmon mode might be reduced due to the
corresponding increase of the aforementioned damping process??. Recent studies of polycrystalline

gold nanostructures lithographically fabricated confirmed the decrease of the plasmon linewidth T’
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after the annealing process, where the density of defects is smaller when compared to non-thermally

treated structures?®:47.89,252,260,

The use of advanced techniques for electron microscopy enabled the identification of the
defect type present at the interface of welded nanorods. Additionally, the use of such advanced
techniques allowed a further correlation of the plasmonic properties of the investigated structures
with the presence of structural defects. More interestingly, the characterization of the observed
broadening effect of the plasmonic modes of welded nanostructures are of great importance for the
design of new applications as well as the optimization of the existing ones in the field of Raman
spectroscopy. One of the main consequences of the observed plasmonic broadening is the decrease

of the associated of field enhancement (due to the decrease of the total energy of the polarized cloud

-2
of free electrons which is proportional to |E| )28:4589,261.262 A discussed in section 1.2.4, the plasmonic
properties of nanostructures are critical for the enhancement of the Raman intensity. Therefore, a
decrease on the field enhancement is directly associated with a decrease in the SERS performance of

plasmonic nanostructures.
5.5 Conclusions

In conclusion, our findings demonstrate the importance of the characterisation of complex
welded metallic nanoparticles for a better understanding of the relationship between their
fundamental physical properties and their morphology. The use of electron tomography at the atomic
level was essential for the identification and visualization of the 3D distribution of defects present at
the nanojunction of welded nanorods. This knowledge, combined with spectroscopic techniques,
allowed the verification of a possible influence of the structural defects on the plasmonic properties
of welded nanorods. Although it was not yet possible to determine how the defect type has an
influence on the plasmonic properties, the present study revealed that the presence of structural
defects are responsible for a further broadening of the plasmonic properties. This finding is of great
relevance for the design of new applications and the optimization of the existing ones in the field of
molecular sensing, where the additional broadening of the plasmonic properties due to defects can

be a critical factor for the performance of the sensor.
5.6 Experimental methods

In this section, a summary of the different approaches for the characterization of
nanomaterials based on advanced techniques for electron microscopy is provided. High resolution
STEM imaging delivered information regarding the atomic structure of the welded nanorods before

and after laser interaction, as well as the crystallographic nature of the structural defects found.
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Electron tomography was employed for the determination of the welding angles for welded nanorods
with different geometries. Multimode tomography was used for the determination of the 3D
extension of the defect at the interface of the nanorods at the nanoscale. Atomic resolution electron
tomography was used to further investigate the crystalline structure of welded nanorods and the
crystallographic nature of the defects found. By combining the analysis of the welding angles with high
resolution imaging and the results from the atomic resolution electron tomography, a link between
the welding geometry and defect type that is formed upon laser interaction was established.
Moreover, EELS measurements were used for the determination of the plasmonic modes excited by
the electron beam. EELS measurements combined with ADF-STEM imaging of welded nanorods with
almost identical welding geometry allowed the determination of the impact of the presence of
structural defects (dislocations and grain boundaries) on the plasmonic properties of welded

structures, as further confirmed by simulations.

5.7 Author contribution

Thais Milagres de Oliveira performed all the image acquisition, reconstruction and analysis for
this study. Dr. Wiebke Albrecht and Thais Milagres de Oliveira acquired the EELS data for nanorods
with different welding geometry. Dr. Wiebke Albrecht analysed the spectroscopic data. Dr. Armand
Béché and Thais Milagres de Oliveira acquired the EELS data for welded nanorods with the same
geometry and different defect type. Dr. Wiebke Albrecht performed the analysis of this spectroscopic
data and the BEM simulations. Synthesis of gold nanorods and femtosecond laser pulses treatment

were carried out by the research team of Prof. Dr. Luis M. Liz-Marzan.

The author of the present thesis contributed to this study by providing a connection of the
welding geometry with the type of defect that is formed at the nanojunction through the retrieve of
3D structure of welded nanorods at the nano/atomic level and by assisting in the analysis to determine

the influence of the presence of defects on the plasmonic properties.
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Part 2

Electron tomography of beam sensitive nanomaterials
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Chapter 6. Optimization of electron tomography techniques for soft-

hard matter self-assemblies

6.1 Applications of self-assemblies of nanoparticles

In the past decades, the interest in metallic nanoparticles has increased significantly due to
their plasmonic properties. One of the most promising fields of their applications is in the
photothermal treatment of tumour cells®21:84263-266 55 explained in Section 1.2.4. However, one of
the main challenges for the implementation of plasmonic nanoparticles for in-vivo treatments relies
on their cytotoxicity, which is associated with their size, shape, surface chemistry. More importantly,
due to environmental variation of the in-vivo organisms, (e.g. environment pH or temperature

267) oxidation processes might occur resulting in the release of ions in the living structure?®,

changes
as it is the case when using silver nanoparticles. In order to potentially enable the use of plasmonic
nanoparticles in the biomedical field, coating strategies using polymers, di-, tri-block copolymers and

silica shell have been developed?%6-263-271,

The size of the nanostructure to be used in biomedical applications is mainly determined by
the cell type®?72275 Thus, it is of great importance to deliver synthesis protocols that allow an
effective control and reproducibility over size of the nanostructures. Recently, a new methodology for
the synthesis of clusters of metallic nanoparticles (gold and silver) has been proposed, where the size
of the final nanostructure is tuned by the number of particles in self-assembly?®, In this methodology,
gold (19 £ 2 nm) and silver (42 £ 9 nm) nanoparticles were coated with citrate in agqueous solution,
since the encapsulation of initially hydrophilic nanoparticles confers an extensive generality of the
method (e.g., the encapsulation of anisotropic nanoparticles). The methodology for synthesis of the
clusters is divide in three parts, as illustrated in Figure 6.1. First (i), a step of ligand exchange reaction
with poly(isoprene)-diethylenetriamine (PI-DETA) performed by emulsifying an aqueous suspension
of nanoparticles with a hexane solution of PI-DETA through vigorous magnetic stirring (Figure
6.1.b).The obtained colloids were dried and re-dispersed in tetrahydrofuran (THF). Next (ii), PI-DETA
nanoparticles were encapsulated in aqueous media, inside a supramolecular system formed by the
addition of poly(isoprene)-block-poly(ethylene oxide) (amphiphilic Pl-b-PEO di-block-copolymer),
triggering the formation of a supramolecular micellar system. The number of particles present in the
micelle can be controlled by modifying the molar ratio between nanoparticles at PI-DETA and Pl-b-
PEO. Finally (iii), a seeded emulsion polymerization step was applied in the hydrophobic part of the
system, resulting in the formation of a cross-linked polymer protective polystyrene shell. The cross-

linked polystyrene shell confers the system high stability in biological environments and prevents
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oxidation events?®®, The obtained colloidal suspension is then purified through centrifugation for the
removal of empty supramolecular micelles and unreacted reagents. More details about the synthesis

protocols used can be found in [2%8].
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Figure 6.1 — (a) Schematic representation of the three step protocol for the encapsulation of clusters
of hydrophilic metallic nanoparticles using (i) PI-DETA, (ii) Pl-b-DETA di-block copolymer and (iii)
seeded emulsion polymerization steps. The orange shell displayed in (iii) corresponds to the protective
polystyrene shell. (b) Representation of the phase transfer of citrate-stabilized nanoparticles from

water to hexane using PI-DETA. Figure adapted from [2%8].

The biocompatibility and biostability of the prepared nanostructures with the soft tissue was
verified after incubation of the supramolecular micelles with mammalian cells in in-vitro conditions2,
More importantly, the cross-linked polystyrene shell remained intact during the exposure to different

mammalian cells?®®

, as observed from TEM imaging. These findings are of vital importance for
biomedical applications, since the encapsulation method confers a protection against oxidation

effects, minimizing the effects of toxicity from silver nanoparticles?’6277,

More importantly, the self-assembly nature of the plasmonic nanoparticles in such complex
structures gives rise to a plasmon coupling, resulting in a red-shift of the plasmon mode®®, The
observed behaviour is mainly connected with two characteristics of the nanoparticle clusters: the total
number of particles per cluster and the interparticle distance between neighbouring particles. For a
better understanding and control of the synthesis design, a thorough characterisation of the self-
assemblies is indispensable. For instance, a proper quantification on the number of particles and
interparticle distance is essential to determine the optimum ratio between PI-DETA and PI-b-DETA
during the synthesis and the resonant energy of the excited plasmon mode, respectively. Thus, here
different methodologies for the 3D characterisation of self-assemblies of nanoparticles were
employed for the determination of the number of particles per cluster and the interparticle distance

between neighbouring nanoparticles.
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6.2 The use of TEM tomography for reducing beam radiation damage

Due to the superposition that stems from a single 2D projection (Figure 6.2.a-b), it is
impossible to determine the total number of particles per cluster and the interparticle distance
between neighbouring particles. In order to recover the complete 3D morphology of this structure,
electron tomography is applied. Here, series of 2D projections of clusters of gold nanoparticles were
recorded over a tilt range from -72° to +72°, with steps of 2°, using a dedicated tomography holder
(Fischione tomography holder model 2020) at a ThermoFisher Tecnai G2 operated at 200 kV. Image
alignment and series reconstruction (using the SIRT method) was carried out in MATLAB, using the

Astra Toolbox!>(Figure 6.2.c-d).

Figure 6.2 — (a), (b) HAADF-STEM imaging of clusters of gold nanoparticles. Due to the large number

of particles in each cluster, the determination of the number of particles and the interparticle
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distances are not straightforward. For the determination of such parameters, electron tomography is

employed. (c), (d) shows the volume rendering of the same structures after 3D reconstruction.

The number of particles per cluster was determined by a 3D segmentation of the
reconstructed volume. Since most of the particles were connected in the 3D reconstructions, the use
of dedicated reconstruction algorithms for self-assemblies, previously developed at out laboratory?’®
could not be successfully applied. Automatic segmentation techniques are also not applicable in a
straightforward manner for the same reason. Therefore, manual segmentation was performed for 17
reconstructions. Figure 6.3 displays the frequency distribution (in %) of the number of particles per
cluster for encapsulated gold nanoparticles. Our results revealed a relatively broad range distribution
in the number of particles per cluster and, consequently, the total size of the self-assembly. The
deviation from the perfect linearity can be attributed to the polydispersity of the size of the individual
nanoparticles, as well as the variation of the shape of the clusters (in some cases, elongated clusters
were found). Preliminary results based on 2D imaging also revealed a relatively broad range of the
total size of the clusters, in accordance with our findings based on the 3D characterisation. Therefore,
the synthesis method developed here has a potential drawback over the control on the number of
particles per cluster and the overall size of the structure?®. For biomedical applications, continuously
density gradient centrifugation technique?’®?%° can be applied to narrow down the size distribution of

the supramolecular micelles. However, it can only be applied to volumes smaller than 500 pL.
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Figure 6.3 — Histogram for the frequency distribution (%) of the number of particles per cluster of
encapsulated gold nanoparticles, where a broad range of total size distribution of the encapsulated

clusters were found.
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Unfortunately, HAADF-STEM images before and after the acquisition of the tomographic
series revealed structural changes of the clusters (i.e. the change in the distance between
neighbouring nanoparticles), as indicated by the red arrows in Figure 6.4. Moreover, image
guantification confirmed the system shrunk during the acquisition of the series, which might explain
the observed connection of the nanoparticles during the segmentation step. For the current example
displayed in Figure 6.4, the shrinking corresponds to 5 nm in diameter. It should be noted that the
qguantification of the number of particles per cluster is not hampered by the shrinking effect. Still, for
the determination of the interparticle distance, this method cannot be used. Adjustments of the
gamma level in the HAADF-STEM images allowed the visualization of the organic structure of the
polystyrene shell of the system before the acquisition of the tomographic series (blue arrows in Figure
6.4). However, the same structure is not visible after the acquisition of the series, indicating that
electron beam damage took place during the image acquisition. Furthermore, the deposition of
organic species during the scanning of the electron beam over the region of interest compromised the
visualization of the polystyrene shell, hindering the determination of the stability of the shell after the

acquisition of a full tomography series.

To minimize this effect, HAADF-STEM tomography based on a fast acquisition'*” scheme was
applied. Within this methodology, a stack of images is obtained while the holder is continuously tilted
inside the microscope. This enabled the acquisition of a tomographic series in a time scale of
approximately five minutes. In general, the conventional acquisition scheme for a tomographic series
might take from 25 to 40 minutes per series. One of the main advantages of the fast acquisition
scheme is indeed the shorter time required to obtain a tomographic series, reducing the exposure of
the specimen under investigation to the external radiation. Nevertheless, the acquisition of a fast
tomographic series is less straightforward than the conventional methods, since during the rotation
of the specimen stage and therefore the acquisition, one needs to track the object back into view and
adjust the focus values manually. Due to this, some frames of fast tomographic series might contain
additional artefacts (e.g., motion effects and blurring), requiring a post processing prior to the
reconstruction or even their removal from the tomographic series for further reconstruction??*28L,
Still, a shrinking effect of the cluster of 3 nm and the degradation of the polystyrene shell were

observed after the acquisition of a fast tomographic series of approximately 8 minutes (500 frames of

1s), as shown in Figure 6.5.
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Before

Figure 6.4 — HAADF-STEM images before and after the acquisition of a conventional tomographic
series. A layer of organic material is clearly visible before the acquisition of the series (indicated by the
blue arrow) and absent after the acquisition. Moreover, a shrink effect of 5 nm of the cluster was
measured, where distances between particles showed clear modifications after the tomographic

acquisition (red arrows).

Before | (b)

Figure 6.5 — HAADF-STEM images before and after the acquisition of a fast tomographic series. The
layer of organic material is clearly visible before the acquisition of the series (a) and an dilation effect
of the same layer is visible in panel (b). Moreover, it was observed the structure shrunk 3 nm. Image

courtesy of Dr. Eva Bladt.

The STEM imaging conditions used for the investigation of clusters of metallic nanoparticles
consisted of a beam current of 0.050 nA, a dwell time of 6.0 us (time to scan a single pixel) and pixel
size of 0.255 nm, using the conventional acquisition setup for a tomographic series acquisition. The

total dose accumulated Dose,..,m can be determined by solving the following equation:

140



D beam current X total acquisition time (6.1)
ose = : :
accum charge of electron x scanned area

For the mentioned parameters, the total dose accumulated after the acquisition of a single image
obtained with conventional methods corresponds to Doseg.cym = 2.88 X 10*electrons/nm?. The
dose rate Dose,4t.is equivalent to the total dose accumulated divided by the total acquisition time
and corresponds to Dose,q, = 4.58 X 103electrons/(nm? - s). For a fast acquisition scheme, the
total accumulated dose Doseg,qcym Of @ single image will be lower than in comparison to the
conventional acquisition scheme, since the dwell time typically used is smaller (0.4 ps). Thus, the total
dose accumulated per image is Dosegccym = 1.92 X 103electrons/nm? for a fast acquisition
scheme and the dose rate is Dose, g4, = 4.58 X 103electrons/(nm? - s). As discussed in section
2.4.1, the frame time is typically larger than the total time the specimen is illuminated by the electron
beam, justifying the differences observed for the Dose,cym and Dose,q¢.- The dose accumulated
over the complete acquisition of a tomographic series corresponds to the multiplication of the
Dosegceum by the number of images in the tomographic series. For the fast approach, the dose
accumulated over the complete series was Doserqsr = 9.60 X 105electrons/nm?, three times
smaller than for a conventional approach Dose onpentionar = 2-10 X 10%electrons/nm?, while the
dose rate remained the same for both cases. Indeed the critical parameters for the dose rate (current
of the electron beam, number of pixels in the image and magnification) were kept the same for both
acquisition schemes (50 pA, 1024x1024 pixels and 450.000x). Although the total dose accumulated for
the complete tomography series using fast approaches was smaller, degradation effects were
observed in the clusters. Our results indicate that the radiation damage is not associated with the total
acquisition time of a series, but rather with the electron dose concentrated in the electron probe. It is
clear that the main disadvantage of STEM over TEM imaging relies on the fact that the STEM probe
focuses all the dose in a very small region of the specimen (probe size), whereas in TEM, the dose is
spread over a large field of view. Consequently, the dose rate in TEM modes can be of orders of 10 —

1000 electrons/(nm? - s)115282-284,

Therefore, to preserve the polystyrene shell of the supramolecular micelles, TEM imaging was
used to perform the electron tomography series acquisition. Although the use of TEM images violates
the projection requirement (as discussed in Chapter 2), recent studies have shown that the organic
shells withstand the electron beam radiation when in TEM mode*¥2%°, Tomographic series were
acquired in TEM mode for clusters of both gold and silver nanoparticles at underfocused condition at
the ThermoFisher Tecnai G20 and Osiris microscopes operated at 200 kV, which contributes for
enhancement of visualization of the polystyrene shell (Figure 6.6). A quantitative comparison of the

cluster before and after the acquisition of a tomographic series confirmed the absence of the shrinking
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effect previously observed with HAADF-STEM imaging (Figure 6.6.a-b). However, further studies are
still required for the precise determination of the critical dose in TEM mode where the micelles start
to suffer from structural modifications, where tomographic series would be acquired for a vast range

of dose values.

Figure 6.6 ~TEM images (screen current of 0.106 nA, Dose,q:e = 850 + 425 electrons/(nm? - s)
and acquisition time of 1s) of clusters of gold nanoparticles (a) before and (b) after the acquisition of
a tomographic series, where the polystyrene shell is fully visible. (c) Reconstructed 3D structure of the
cluster of nanoparticles. The Dose,,:, value was obtained from the sensor attached to the

phosphorous screen of the microscope.

A simultaneous analysis of the slices from the 3D object and its volume rendering revealed
the presence of a higher level of noise when compared with tomographic reconstructions based on
HAADF-STEM imaging (Figure 6.6.c). This can be attributed to the image formation process behind
TEM imaging, where low scattering materials are more visible in TEM mode than in HAADF-STEM
mode. Due to the higher contrast of the background (carbon support layer - 3 nm) in TEM mode, these
materials will also be recovered during the reconstruction. Additionally, the use of lower doses during
TEM imaging (~850 electrons/nm?), results in the presence of more counting noise in comparison
to standard techniques in materials science (HAADF-STEM), contributing to the presence of a higher
noise level in the reconstruction. Moreover, artefacts might also arise due to the violation of the

projection requirement for tomography, hampering the quality of the reconstruction.
6.3 The influence of standard techniques for sample preparation and electron
tomography

Analysis of slices through the 3D reconstructions in TEM mode revealed that neighbouring
nanoparticles were still connected, although the shrinking effect of the polystyrene is no longer

observed. Unfortunately, the quantification of the interparticle distance is still hampered by the
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sample preparation techniques. Standard procedures consist of the natural evaporation of a droplet
containing nanoparticles in suspension on top of the TEM grid. A diverse number of artefacts may
arise from this type of sample deposition, such as the agglomeration of nanoparticles on the TEM
grid?® or a flattening effect of large self-assembly of nanoparticles?®, as illustrated in Figure 6.7.a-b.
Investigations based on the comparison of TEM images (Figure 6.7.c-d) at low and high projection
angles revealed the presence of a flattening effect of the polystyrene shell on the contact point with
the carbon support film of the TEM grid, as indicated by the red arrow in Figure 6.7.d. This observation
was later confirmed by the analysis of the 3D structure obtained from electron tomography
experiments performed in TEM mode, where the retrieved structure was oriented along the same
acquisition angles and further compared with the experimental images. For instance, Figure 6.7.e-f
correspond to representations of a single slice through the 3D reconstructed volume, at orientations
that reproduce the projection tilt of 0° and +74°, respectively. From Figure 6.7.g, it becomes clear that
the nanoparticles closer to the carbon support layer are horizontally disposed, confirming that the
present artefact generated by the drying process is responsible for displacing the nanoparticles in the
self-assembly. The integrity of the polystyrene shell as well as the relative position of nanoparticles in
the cluster was confirmed by further comparison of images before and after the acquisition of the

tomographic series were performed.
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Figure 6.7 — (a) Representation of a self-assembly of nanoparticles (red spheres) encapsulated by a
polymeric shell (green sphere) in suspension in a given solvent. (b) The same encapsulated self-
assembly after transfer to a TEM grid and drying effect. The surface of the polymeric shell in contact

with the supporting layer of the grid shows a flattening effect, which can result in the displacement of
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individual nanoparticles in the self-assembly, hindering the quantification of the interparticle
distances. (c) TEM image at lower doses (~850 electrons/nm?) showing the top view of a cluster of
gold nanoparticles on top of the carbon support film. In (d), the holder is tilted to angle of +74°,
allowing an almost lateral view of the system. As indicated by the red arrow, we found indications of
the flattening of the polystyrene shell, confirmed by the analysis of the projection images and the 3D
structure obtained from electron tomography. (e)-(f) Orthoslices along orientations that represent the
tilt of the holder shown on (c)-(d). (g) Volume rendering of the 3D reconstructed volume at the same

orientation displayed in panel (f).

To fully understand their property-structure relationship, alternative methodologies are
required for the sample preparation of encapsulated clusters of metallic nanoparticles. Still, there are
very few studies published in literature that explain the observed flattening effect upon drying of self-
assemblies of nanoparticles into a TEM grid?®. However, it is likely that the surface tension between
the solvent of the suspension containing the clusters and the carbon support layer is the main reason

for the flattening?®’.

6.4 The use of cryo-TEM tomography for soft hard matter assemblies

An ideal solution for the full characterisation in 3D of the supramolecular micelles would be
the use of liquid cell TEMZ8, In this type of experiment, a solution containing the specimen in
suspension is injected inside a dedicated holder loaded into the microscope. Unfortunately, the
geometry of the holder does not allow high tilt angles and it is therefore impossible to record a tilt
series of images to perform conventional electron tomography. An interesting alternative would be
the use of cryogenic techniques to enable the visualization of the specimen in suspension in a frozen
state. In the past, cryogenic techniques for electron microscopy was largely employed for the
investigation of biological structures, to keep the structure of cells intact and avoid the introduction
of artefacts from water evaporation?®>2°2, |In 2017, Jacques Dubochet, Joachim Frank and Richard
Henderson were the laureates of the Nobel Prize in chemistry for developing cryo-electron microscopy
for high-resolution structural determination of biomolecules in solution?®. Alternatively, this
technique has also been applied in the field of materials sciences?*2%, for the investigation of
morphology evolution in macromolecular assembly, inorganic nucleation, growth and evolution of
hybrid materials and even for atomic resolution investigations of lithium batteries, to avoid oxidation

of lithium and electron beam radiation damage.

The vitrified state of the specimen in agueous solution can be obtained through cryo-fixation,

a method that involves the rapid cooling of the entire system to maintain its structure as close as
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possible from its natural environment (details can be found in Appendix B). By applying this technique,
we would be able to fully characterize the supramolecular micelles that are suspended in the vitreous
ice layer, where the nanoparticles are not affect and displaced by the drying process from standard

sample preparation techniques for TEM.

After cryo-fixation in liquid ethane or propane, the TEM grids are transferred to a specialized
cryo grid box in liquid nitrogen. The grid box is store in liquid nitrogen until it is inserted in the Fischione
model 2550 cryo-transfer tomography holder (Figure 6.8). The retractable tip of the holder is
immersed in liquid nitrogen for the transfer of the TEM grid, to prevent crystallization of the ice layer.
To avoid contact with air, the tip of the holder is retracted during insertion in the microscope.
Moreover, the holder is equipped with a dewar that is filled with liquid nitrogen, to keep the tip at
lower temperatures during insertion of the holder in the microscope. Because the vacuum inside the
TEM column is very high, the crystallization of the ice layer is not stimulated. For imaging and
acquisition of tomographic series, the microscope is operated in TEM mode at lower doses (dose rate

below 850 + 425 electrons/(nm? - s), to avoid melting of the ice layer.

i

Figure 6.8 — Fischione model 2550 cryo-transfer tomography holder, with details on the recipient for

liquid nitrogen to perform the grid transfer to the holder3®,

Cryo-TEM imaging of the supramolecular micelles after cryo-fixation revealed the absence of
the vitreous layer in the holes of the carbon support layer. The clusters embedded on the vitreous ice
were only found on top of the carbon layer (Figure 6.9.a). Due to the large thickness of the carbon
layer (20 nm) and the vitreous ice layer, the image contrast of the background at high tilt angles
prevented the visualization of the metallic nanoparticles (Figure 6.9.b). Consequently, it was not
possible to acquire a tomographic series. For this reason, it was no longer possible to determine the
interparticle distance using cryo-TEM imaging, as 2D imaging are very misleading. A possible limiting

factor for the successful realization of this experiment could be associated with the large size of some
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supramolecular micelles (larger than 200 nm), which prevented the formation of the vitreous ice in

the gaps of the carbon support layer (with thickness of approximately 20 nm).

Figure 6.9 — TEM images under cryogenic conditions of a clusters of nanoparticles for a tilt angle of (a)
0° and (b) -70°. In the latter case, the thickness of the carbon support and ice layers prevented a clear

visualization of the clusters of nanoparticles.

6.5 Freeze-drying technique for the investigation of clusters of nanoparticles

Since cryo-TEM imaging was not capable to provide a thorough 3D characterisation of the
genuine structure of supramolecular micelles, alternative methods are required. Instead of visualizing
the nanostructures under cryogenic conditions, an alternative would be the promotion of a controlled
phase transition of the vitreous ice layer, from solid to gaseous state, where the liquid phase can be
avoided. In this manner, we are able to prevent structural modifications of the morphology of the
system due to the evaporation effects. This can be achieved by applying a so-called freeze-drying
process, where the system is heated in a controlled manner under very low pressures after the cryo-
fixation of the specimen on the grid. This procedure has been reported in the past for the investigation
of cells and viruses®°*3%2 and it was demonstrated that the morphological structure of the objects
under investigation is kept intact when applying this method. Based on the phase diagram of water, it
sublimation from solid to gaseous state can be achieved by heating the object under medium vacuum
(below 10 mbar). Recently, this methodology has been applied in the materials sciences field, for the
investigation of spherical quasicrystals under spherical confinement3%3%, Thus, the freeze-drying

approach was applied in the current investigation for the determination of the interparticle distances.
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The cryo-fixation of the grid containing the solution with nanoparticles in suspension is
described in Appendix B. In order to heat the grid to room temperature, the Fischione model 2550
cryo-transfer tomography holder was inserted in a vacuum chamber, at pressure of 5 X 10° mbar.
The holder dewar with liquid nitrogen was kept full for 4-6h, for the thermal stabilization of the system
at -90 °C. After this period, the liquid nitrogen was not refilled, resulting in its slow evaporation and a
slightly temperature increase of the system over time. It was estimated a temperature increase rate
of +2.6 °C. From our experiments, it was observed that the carbon support layer was destroyed upon
fast temperature increase rates. After room temperature was reached, the grid was transferred to a
conventional tomography holder (Fischione model 2020) and TEM imaging at lower doses
(Dose,qre = 850 + 425 electrons/(nm? - s) was applied for the acquisition of tomographic series
of different clusters of silver and gold nanoparticles. By inspecting the projections images at low and
high tilt angles (Figure 6.10.a-b), it becomes clear that the polystyrene shell is preserved for all tilt
angles, indicating the absence of the flattening effect associated with the drying process. Analysis of
the 3D reconstructed volume of those systems were performed in the same conditions as described

in section 6.2 and Figure 6.6, confirming our observations (Figure 6.10.c-d).
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Figure 6.10 — TEM image (Dose,qre = 850 & 425 electrons/(nm? -s) of silver nanoparticles
encapsulated with a polystyrene shell at (a) 0° and (b) +72°. The polystyrene shell is fully visible at
higher tilt angles, indicating the absence of the flattening effect due to the drying process. (c) Slice
through the 3D reconstructed volume and (d) representation of the 3D structure through volume

rendering.

The quantification of the interparticle distance between neighbouring particles became
possible combining TEM tomography with freeze-drying approach for sample preparation, since we
were able to retrieve of the structural morphology of the supramolecular micelles as close as possible
to their native state. The other methodologies explored in this chapter (conventional HAADF-STEM
tomography, fast HAADF-STEM tomography and cryo TEM tomography) were not optimal for such
analysis. More specifically, the use of acquisition approaches in STEM mode was responsible to cause
irreversible changes to the structure of the investigated micelles (polystyrene shell and the position
of the nanoparticles), preventing the determination of the interparticle distances. Besides, the usage
of cryogenic techniques for sample preparation has shown to be an important step to minimize the
structure modification caused by wet drying processes. However, analysis of TEM grids in cryogenic

conditions inside the electron microscope (Cryo-TEM imaging) revealed the absence of the suspended
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vitrified ice layer, where the tomographic acquisition of the structure could be performed. Instead,
only micelles lying on top of the carbon layer was found (Figure 6.9). The larger thickness of the
support layer in this condition prevented the acquisition of a tomographic series and therefore, the

determination of the interparticle distance.

The interparticle distance is defined as the distance between the edges of a pair of
nanoparticles. This distance was determined through the observation of different slices through the
3D reconstructed volume along different orientation for a given pair. The smallest distance found
between the different slices corresponded to the interparticle distance. A similar pattern for the
interparticle distance of gold and silver nanoparticles was observed. Experimental results over several
3D reconstructed volumes revealed that a great number of nanoparticles were still connected.
Unfortunately, it is still unknown if the nanoparticles were originally overlapping after synthesis.
However, for those that were separated, a mean distance of 3 £+ 1 nm was measured for 20 different
pairs of nanoparticles from 7 different clusters. Our findings for the observed interparticle distances
are in agreement with the observed plasmonic coupling and the formation of plasmonic hot spots at
the gaps between encapsulated nanoparticles, obtained from ultraviolet/visible (UV/VIS)

spectroscopy and dynamic light scattering?@,

6.6 Conclusions

Because of the beam sensitivity of supramolecular micelles, conventional techniques for
electron tomography were not capable to provide a reliable 3D characterisation. More precisely, the
interparticle distance could not be retrieved because of two reasons: beam sensitivity of the organic
encapsulation and the structural changes during the sample preparation for electron microscopy
analysis. In order to overcome these limitations, TEM imaging at lower doses (Dose,4:.~850 +
425 electrons/(nm? - s) was used to minimize the structural modifications due to beam damage. To
avoid structural modifications during the sample preparation, cryogenic techniques were applied.
Here, the freeze-drying approach on cryo-fixated grids enabled the investigation of the
supramolecular micelles maintaining the structure of the polystyrene shell as close as possible from
the pristine structure. The combination of an advanced methodology for the sample preparation with
TEM imaging at lower doses enabled a thorough 3D characterisation of the interparticle distance
between neighbouring nanoparticles. This parameter is essential if one desires to establish a
connection with the observed optical properties of the supramolecular micelles. Such knowledge is
essential for the optimization and the design of synthesis protocols that aim the use of plasmonic

structures for biomedical purposes.
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6.7 Experimental methods

In this section, a summary of the different approaches for the characterization of
nanomaterials based on advanced techniques for electron microscopy is provided. Conventional
electron tomography technique based on HAADF-STEM imaging was employed for the determination
of the number of metallic nanoparticles per micelle. To prevent radiation damage caused by the
electron beam in STEM mode, TEM imaging was adopted. Electron tomography in TEM mode in low
dose conditions allowed the structural characterization in 3D of micelles, with radiation damage
effects minimized. The use of alternative approaches for sample preparation was required due to the
complexity of the material, aiming the prevention of structural modifications caused by wet drying
processes. Therefore, cryogenic approaches were used for the sample preparation. TEM investigation
under cryogenic conditions were not successful due to the geometry of the nanostructure. Instead,
freeze-drying approach was employed. Combined with TEM tomography in low dose conditions, the
determination of the interparticle distance became possible, enabling a better comprehension of the
optical properties, which is in turn essential for the design of new applications and the optimization

of synthesis protocols.

6.8 Author contribution

HAADF-STEM series acquisition and tomographic reconstructions were performed by Thais
Milagres de Oliveira and Roy Janssens. Reconstruction segmentation and quantification of number of
particles per cluster were performed by Thais Milagres de Oliveira. Dr. Eva Bladt performed the
acquisition of fast tomographic series. TEM image acquisition and reconstruction were performed by
Thais Milagres de Oliveira. Cryo-fixation, cryo- transfer, and freeze-drying procedure were performed
by Dr. Nathalie Claes and Thais Milagres de Oliveira. Quantification of the interparticle distance was
performed by Thais Milagres de Oliveira. Synthesis, optical measurements and investigations of the
biostability of the clusters of nanoparticles were performed by our collaborators from Prof. Dr. Luis

Liz-Marzan.

The author of the present thesis contributed to this study by providing an analysis of the
number of nanoparticles per micelle, by applying different approaches for reducing the radiation
damage caused to the structure (low dose TEM tomography), by applying different approaches for
sample preparation and by performing the analysis of the interparticle distance between neighbouring

particles.
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Appendix B. Sample preparation under cryogenic conditions: cryo-

fixation

Cryo-fixation aims the fast cooling of the specimen to preserve its native “frozen-hydrated”
state3%, If the specimen is gradually frozen, water expands and crystallizes, which can, in turn, disturb
the morphological structure of the specimen3%. Dubochet and co-workers®*®” have shown that pure
water deposited on a carbon layer could be frozen in a noncrystalline state (vitreous) if the process
would be sufficiently fast (~ 10° K/s), preventing molecular arrangements and, consequently, the
formation of ice crystals3%®3%, First of all, the TEM grids need to be treated to guarantee their
hydrophilic property, so the solution containing nanoparticles in suspension will spread evenly over
the entire carbon film. Recently prepared carbon films are naturally hydrophilic, however, they may
become hydrophobic over time. Therefore, techniques like plasma treatment are often applied to TEM
grids before cryo-fixation. In the present study, the grid was submitted to a plasma of Argon at radio
frequency (RF) power of 80% for 2 minutes. Nevertheless, the parameters for the plasma treatment
can vary for grid type and are obtained on the base of trial and error experiments. Typically, TEM grids
containing a carbon support layer with holes is used, allowing the investigation of nanostructures
suspended in the vitreous ice. Next, the grid is attached to a tweezer of an equipment for cryo-fixation,
the Vitrobot from ThermoFischer/FEl. To prevent the desiccation of the specimens, the environment
surrounding the grid is kept at high humidity conditions (relative humidity of 100%). This is easily
achieved and controlled in the Vitrobot equipment. With this environmental conditions, 3-5 pL of
solution containing the nanostructures in suspension can be transferred to the grid. Note that the grid
is hold vertically inside the Vitrobot and the cryo-fixation procedure needs to be completed within a
few minutes, to avoid that the solution will accumulate at the bottom of the grid. To remove the
excess, the liquid droplet is blotted with filter paper. Because the solution containing the nanoparticles
in suspension is evenly distributed on the carbon film, a very thin layer will be formed after blotting
with filter paper. The formation of a thin layer of solution is crucial for optimal heat transfer. However,
if a thick layer of fluid is formed, the ice may not vitrify*. The thickness of the solution is defined by
the blotting time and pressure, which need to be adjusted for each experiment with the ideal
parameters are obtained based on trial and error. The last step of cryo-fixation consists in the plunge
freeze of the TEM grid into a liquid cryogen, producing a glass-like solid. Typically liquid ethane or
propane or a combination of both are used for the plunge freezing, since their thermal conductivity is
around 13-15 kK/s3%. To liquefy ethane or propane gases, liquid nitrogen is commonly used. However,

liquid nitrogen is not used for freeze plunging the TEM grid as it thermal conductivity is much lower
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(400 K/s3%), promoting the formation of crystallized ice. Finally, the main steps for cryo-fixation are

summarized in Figure B.1.

@@D Apply solution Blotting Plunge
Freezing

Filter paper

@E@D Nanoparticles

. 4

Gap of the carbon Carbon support
Amourphous support layer layer
ice film

Liquid ethane

Figure B.1 — (a) Representation of the main steps of the cryo-fixation procedure. (b) Cross section view
of the TEM grid with emphasis on the formed vitreous ice layer with suspended nanostructures in the

gaps of the carbon support layer.
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Chapter 7. Towards 3D characterisation of beam sensitive

nanomaterials at the atomic level

7.1 Obstacles of the characterisation of beam sensitive nanomaterials in 3D

One of the main challenges for the 3D characterisation of nanomaterials at the atomic level
using advanced techniques for electron microscopy is the modification of their crystal lattice due to
radiation damage processes??. For instance, studies have shown that the use of high electron dose
induces structural modifications in cesium lead halide perovskites?#3%, Through the processes of
knock-on damage and radiolysis, the structure of perovskite nanoparticles are irreversibly altered3®.
Very often, structure degradation and lead cluster formation are observed in metal halide perovskites
during electron microscopy investigations®'%31!, Therefore, for a thorough 3D characterisation of
nanomaterials that are sensitive to the electron beam, imaging techniques at low dose conditions are

essential.

Due to the very small probe sizes in STEM mode (for high-resolution imaging, the probe size
is around a few hundreds of picometers3'2314), the electron dose density is concentrated in a narrow
region in comparison to TEM mode. In TEM mode, the electron beam is parallel and not focused into
a spot and, therefore, the illumination area can be as large as a few tens or hundreds of nanometres.
Consequently, the delivered dose achieved in TEM mode can be a few orders of magnitude lower than
what is achieved in STEM mode, as discussed in Chapter 6 (section 6.2). Studies on the radiation
damage processes!!>282-284315318 haye syggested that another parameter for the modification of the
crystal structure by the electron beam is the dose rate. It has been shown that the usage of lower dose
rates in TEM mode is beneficial for characterisation of beam sensitive nanomaterials at the atomic
level, as it preserves the pristine crystal lattice of nanomaterials?82284319323 gy ch investigations of the
atomic structure of perovskites are of great importance for the further development of synthesis
protocols and the design of new/existing applications. More specifically, atomic resolution electron
tomography of metal halide perovskites could provide valuable information regarding the density of
defects, how the defects are distributed at the surface and in the bulk and, eventually, the atomic
displacements caused by the presence of defects. This knowledge combined with optical, thermal and
electronic characterization methodologies would enable a better comprehension on the parameters
that determine, for instance, the defect tolerance on the physical performance of metal halide

perovskites.

More interestingly, the use of low dose TEM imaging for the characterisation of beam

sensitive nanomaterials has increased in the past years due to the development of direct electron
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detection cameras. This type of camera consists of a complementary metal-oxide-semiconductor
(CMOS) detector. Differently from conventional CCD (charged-couple devices) detectors, direct
electron detection cameras do not require a scintillator layer prior to the detector to avoid radiation
damage and saturation of the detector. Consequently, the resolution (detective quantum efficiency -
DQE), the signal-to-noise ratio and the sensitivity achieved with direct electron detection cameras are
superior when compared with standard CCD detectors®2#325, Moreover, due to the direct detection
design of such detectors, the acquisition time required for recording a TEM image is much smaller
than conventional detectors. Because of the high sensitive of direct electron detectors, the electron
dose required for an image acquisition is orders of magnitude lower than conventional techniques,
which enables the 2D characterisation of beam sensitive nanomaterials in TEM mode. For instance,
Figure 7.1.a shows the structural modifications in CsPbBr; perovskites induced in STEM mode (total
accumulated dose of 288 electrons/Az), whereas Figure 7.1.b shows the structure obtained in TEM
mode at lower doses when using a direct electron detection camera (total accumulated dose of
4.97 electrons/A?). still, the presence of lead clusters could still be found (Figure 7.1.b). The lead
clustering upon irradiation with the electron beam is already a well established process®™ and results
from radiolysis damage effects3%.Moreover, the clustering is associated with the high diffusion of lead
atoms followed by coalescence events for temperature conditions inside the electron microscope that
exceed -40°C3%, Therefore, the use of higher tension of the electron microscope can improve the
structure stability?®#3%°, while the usage of cryogenic conditions can minimize clustering events3®,
Nevertheless, the degree of structural modifications induced by the electron beam can be drastically
reduced by performing low dose TEM imaging, where a smoother surface of the nanocubes were

observed, in contrast with conventional STEM methodologies (Figure 7.1.a).
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Figure 7.1 — (a) HAADF-STEM image of CsPbBr; perovskite, where structural modifications are visible
(total accumulated dose of 288 electrons/A?). Image courtesy of Dr. Julien Ramade. Here, surface
roughness was observed in the nanocube. (b) Low dose TEM image using a direct electron detection
camera of a different nanoparticle from the same batch (total accumulated dose of 4.97 electrons/
AZ). In the latter, structural modifications were minimized, where the surface smoothness was

preserved. Still, lead clusters can be still be found.

Since the state-of-the-art techniques for the recovery of the atomic structure of
nanomaterials in 3D are mainly based in STEM imaging mode, it becomes evident the necessity of the
development of alternative techniques for the 3D characterisation of nanomaterials investigated in
TEM mode. Such development would open new possibilities for a thorough characterisation of beam

sensitive nanomaterials in 3D.

7.2 Limitations of HRTEM imaging: the basis of Exit Wave Reconstruction

Although TEM images provide useful information regarding the size and projected shape, the
interpretation and quantification of high-resolution TEM (HRTEM) images are not straightforward, due
to strong radiation-matter interaction. Moreover, the transmitted electron wave by the specimen is
further modified by the optical components of the electron microscope, where the image contrast
observed in HRTEM images represents an interference effect between the information associated
with the projected atomic potential of the specimen and the aberrations of the electromagnetic
lenses. To circumvent the limitation of image interpretation and quantification, image simulation can
be combined with HRTEM imaging, where simulations are carried out for different specimen

thicknesses at the same experimental conditions and compared with the experimental images. From
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the best match between simulation and experiment, the atomic structure and the correspondent
thickness of the material under investigation can be unveiled. However, this process is hampered by

the unsolved problem with the Stobbs factor326-334,

Therefore, alternative techniques for HRTEM image interpretation and quantification are
required. A widespread technique is exit wave reconstruction (EWR), which enables the recovery of
the exit wave emitted by the sample as well as the deconvolution of the retrieved wave with the
contrast transfer function of the microscope (mathematical function that describes the aberrations of
the microscope) by inverting the image formation process3*>-4, |n this technique, a series of images
are acquired over a range of defocus settings of the microscope. The defocus step can be either
fixed33°>336:341-348 o1 yarigble3*®, depending on the type of information to be recovered. By acquiring a
series of images with varying defocus, sets of different spatial frequencies are recorded. The
information contained in the focal series can be used in an algorithm that will invert the image
formation process and delivery the full exit wave function emitted by the specimen. The main
advantage of the use of EWR technique is that it enables the recovery of not only the amplitude but
also the phase information contained in the emitted wave by the specimen, since the phase is lost
during the recording process of the intensities present in the HRTEM images. The phase information
is the most relevant for the quantification of the crystal lattice, since it is the result from the interaction
of the incoming electron wave with the atomic potential of the specimen3®®. Different algorithms and
techniques can be used for the EWR: the Gerchberg-Saxton method*%3%2, the parabola (PAM)
method3>*3>* the maximum likelihood (MAL) method®?®, the transport intensity equation (TIE)
method>>® and the iterative wave function reconstruction (IWFR method)**”2%8, In this chapter, all the
exit wave reconstructions shown were obtained using the Gerchberg-Saxton method implemented in
the XWave software®° (package from MacTempas for Windows operational system). Besides, EWR
allows a deconvolution of the emitted wave by the specimen with the aberration parameters of the

microscope, further extending the resolution of the high resolution images337-34°,

In summary, the EWR technique is illustrated in Figure 7.2 and consists of: (a) determination
of the parameters of the microscope; (b) acquisition of a focal series; (c) image processing of the
experimental data (removal of hot spots and image conversion for the correct format of the EWR
software); (d) correction of residual shifts between each experimental image; and (e) the image

reconstruction.
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Exit Wave Reconstruction

Image alignment
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Acquisition of focal series )
Image procesing

I
‘ e - |

Figure 7.2 — Scheme illustrating the steps to perform exit wave reconstruction.

To illustrate the capabilities of EWR, a focal series of a CsPbl; was acquired with a
ThermoFisher aberration corrected ‘cubed’ Titan operated at 300kV (Figure 7.3.a) using the
parameters mentioned in the previous paragraph. After the exit wave reconstruction, the amplitude
and phase were recovered, shown in Figure 7.3.b-c. Here, none structural degradation of the

perovskite was observed during or after the image acquisition.

Figure 7.3 — (a) HRTEM image of CsPbls at defocus of x nm. Reconstructed (b) amplitude and (c) phase
using XWave software. Inset in (c) is a zoom in of the middle region of the image with a superposition

of the crystal structure.
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7.3 Motivation on the use of the phase images as input for electron tomography

Conventionally, HRTEM images of crystalline objects are acquired when the specimen is
aligned along a main zone axis. A correspondence of the HRTEM image with the projected atomic
potential of the object has been observed*®. This phenomenon is the known as the electron

chan ne”ing173,342,360—364

and arises from the dynamic interaction of the parallel electron beam with
multiple columns of atoms in the crystal structure of the specimen. For this configuration, the atomic
columns act as a wave guide for the incident electron beam. The solution of the time independent

Schrédinger equation of the electron wave after interaction with a single atomic column is362364

. Enm k Enm k 1
Y(R,z) =1+ Z 2Cpm SiN (—n—— )l/)nm(R) X exp [—m( —z— —)] (7.1)
E, Ey, 2 2
nm

where R is the 2D vector parallel to the surface of the specimen, z a 1D vector perpendicular to R and
sign opposite to the direction of the electron beam propagation direction, c¢,,, the excitation
coefficient, Y, (R) the eigenfunctions of the Hamiltonian with eigenenergies E,,,,,, Eo the Kinetic
energy of the incident electron beam and k, = 1/1 the z-component of the wavevector of the
incident electron beam. It has been shown that only the first eigenfunctions is strongly bound for light
atoms and sufficiently thin atomic columns?’3360362-364  Thys  the corresponding eigenfunction,
eigenvalue and excitation coefficient will be called ¥,5(R), Eis and cyg, respectively. Within this

approximation, equation (7.1) becomes!’3:360,362-364

15 k, Eisk, 1)] . (7.2)

WY(R,z) = 1+ 2¢45 sin( Eo — )1/)15(R) X exp [—m (E_(,?Z —3

This approximation is known as the S-State model. From equation (7.2), the interactive wave
function can be obtained, which corresponds to the electron wave after the interaction with the
atomic potential subtracted from the transmitted plane wave W(R,z) — 1. The correspondent

amplitude and phase of the interactive wave are respectively!’3360362-364

abs[W(R,z) — 1] = (2¢45 sin( T[E——Z> ¢15(R)| (7.3)
0
and
arg[P(R,z) — 1] = -7 (i—f%z - %) (7.4)

Equation (7.3) reveals that the amplitude varies periodically (sinusoidal type) and peaks at the
position of the atom columns, whilst equation (7.4) shows a linear dependency with specimen

thickness z and chemical composition E; 173303627364 Eor heavier atoms or thicker objects, the second
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eigenfunction is also bound, but weakly excited when in comparison with the first323%4 Nevertheless,
the S-State approximation can still be used. To illustrate the effect of atomic mass in the linearity of
the phase, simulations of the exit wave for a wedge object composed by different elements (silicon,
coppetr, silver and gold) were carried out in MULTEM?36>3%¢_Because silicon is a light element compared
with the copper, silver and gold, a linear trend was observed between the thickness increase of the
specimen and the phase of the exit wave, as shown in Figure 7.4.a. For increasing atomic mass,
disturbances on this linearity was observed (Figure 7.4.b-d). Consequently, the thickness range where

the phase of the exit wave shows a perfect linear behaviour decreases with increasing atomic mass.
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Figure 7.4 — Phase of the exit wave simulated with MULTEM for different chemical elements: (a)
silicon, (b) copper, (c) silver and (d) gold. All crystals were oriented along the main zone axis [100]. For

increasing the atomic mass, a disturbance of the linearity of the phase is observed.

In principle, HRTEM images cannot be directly used as input for tomographic reconstructions.
This limitation stems from the non-directly interpretation of HRTEM images due to the image
formation process and the aberration effects present in those images. Besides, as mentioned on

section 7.2, only intensities are registered in HRTEM images and therefore the phase information

161



emitted by the specimen is lost. Therefore, exit wave reconstruction needs to be combined with
HRTEM imaging for the development of tomographic approaches based on TEM with atomic

resolution.

The theoretically observation of a linear dependency of the phase of the exit wave from the
specimen with thickness is the starting point in the development and experimental implementation
of electron tomography approaches based on the exit wave reconstruction, since under these
conditions the projection requirement of tomography is fulfilled. In principle, this alternative
methodology for electron tomography at the atomic level, in combination with the direct electron
detection cameras, can be used for the 3D characterization of beam sensitive nanomaterials. In the
following two sections, the approach will be theoretically and experimentally verified for gold
nanorods as a proof of concept. The choice of nanostructure is based on the stability of the object

under the electron beam and its well established atomic structure*?.

7.4 Formulation of the 3D EWR technique: simulated results

The desire of using the phase of the exit wave reconstruction as input for a tomographic

reconstruction is not new. In the past, theoretical approaches to retrieve the 3D atomic structure of

367-370 370,371

crystalline and amorphous objects were employed. Additionally, the 3D atomic structure
of nano-objects was experimentally retrieved from a single phase image by different authors3!>328372-
374 Such methods to retrieve the 3D atomic structure from a single projection are very complex and
not always applicable to a wide variety of nanomaterials. Besides, the recovery of the 3D atomic
structure based on multiple phase images has not yet been experimentally reported. Therefore, the
development of experimental techniques based on multiple projection images that enable the 3D

characterisation of beam sensitive nanomaterials is essential.

Inspired by the work of Jinschek and co-workers3¢’

, We propose an experimental methodology
for electron tomography based on the phase of the exit wave reconstruction. The methodology
consists on the acquisition of a focal series along different tilts of the nanocrystal, followed by the
recovery of the amplitude and phase of the complex emitted wave by the specimen through EWR
technique. By combining the phase image from different projections, the 3D atomic structure can be
retrieved by the use of tomographic algorithms. Moreover, a very limited number of projection images
(-45°, 0° and +45°) was chosen as input for a tomographic reconstruction during the development of
this experimental methodology. Some nanomaterials are indeed extremely beam sensitive and does
not allow a prolonged illumination time, reducing the number of focal series that can be acquired

without damaging the material. Similar to studies from Goris et al**? for STEM mode, only projections

images along main zone axis were taken.
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Due to very small number of projections, the 3D reconstructed volume is expected to contain
artefacts from the missing wedge. To minimize this effect, the prior knowledge of the shape can be
incorporate during the tomographic reconstruction. Such information can be obtained through a full
tomography series acquisition of the nanomaterial under investigation. The acquisition of a
tomographic series for the morphology recovery can be often challenging due to the sensitiveness of
the nanomaterial towards the electron beam. To overcome this challenge, alternative approaches can
be used, such as the acquisition of a tomographic series in TEM mode at lower magnifications; the
acquisition of series using the fast tomography approach (either in TEM or STEM mode); and
eventually, the acquisition of TEM series of images at extremely low doses at cryogenic temperatures,
to prevent morphological modifications of the structure3®. For cases where the prior information of
the morphology is not available, missing wedge artefacts will be present on the final reconstructed
volume with atomic resolution. The degree of artefacts will depend on the number of projections in
which a focal series was acquired as well as the tilt interval between the projections, as discussed in

Chapter 2 (section 2.4.1).

Once the morphology of the object under investigation is obtained, a mask for the atomic
resolution tomography can be created. For this purpose, a segmentation step is applied. To avoid the
formation of artefact during the reconstruction, the mask is dilated and the edges are smoothed
through a 3D Gaussian filter. The prior information of the shape is incorporated to the tomographic
reconstruction in an iterative manner. More specifically, the 3D atomic structure is obtained after 50
iterations of SIRT method and convoluted with the shape mask. The resultant 3D volume is then used
as a starting point for another SIRT reconstruction with 50 iterations. This process is repeated 6 times,
to ensure the convergence of the reconstruction. Finally, a new SIRT reconstruction with 50 iterations
is applied using the previously obtained 3D volume as a starting point, without the use of any prior
information. The aim of the last step is to reduce the amount of artefacts that might have been

introduced during the convolution of the 3D atomic structure with the mask.

To verify if the use of prior information would introduce extra artefacts in the final
tomographic reconstruction, the atomic structure of a simulated gold nanosphere was obtained from
a conventional tomographic series (from -72° to +72°, at every 2°) and a limited series (-45°, 0° and
+45°,) were further reconstructed, as shown in Figure 7.5. For this purpose, gold atoms were assumed
as Gaussian spheres and the high resolution images were obtained by projecting the structure along
the indicated angles using the Astra Toolbox 1.8, In this manner, the projection requirement is
fulfilled. As it can be seen from Figure 7.5.c, the use of a very limited number of projection images in
the tilt series resulted in the elongation of the retrieved volume. To minimize this effect, the prior

information about the shape (Figure 7.5.d) can be incorporated during the tomographic
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reconstruction. By inspecting the volume obtained from the limited tilt series combined with the prior
knowledge of the shape (Figure 7.5.e-f), a good agreement was found with the volume obtained from

the full tilt series.

Limited series + prior 3D volume

Figure 7.5 — The effect of the use of prior information about the shape in the reconstructed volume.
(a) Slice along the yz plane and (b) volume rendering of the reconstructed object from a full tilt series
(from -72° to +72°, at every 2°). (c) Slice along the yz plane of the reconstructed object from a limited
tilt series (from -45°,0° and +45°). In (d) the prior information of the shape is shown. (e) Slice along the
yz plane and (f) volume rendering of the reconstructed object from a limited tilt series, using the prior
information of the shape. A comparison between (a) and (e) reveals a good resemblance between the

two reconstructed volumes.

In summary, the methodology for the recovery of the 3D atomic structure of nanomaterials

(3D EWR) consists of:
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(a) Determination of the microscope parameters;
(b) Acquisition of a focal series of the specimen along different orientations;

(c) Acquisition of a full tomography series (either in STEM or TEM mode) for the prior

information of the shape, if necessary;

(d) Recovery of the amplitude and phase of the complex wave emitted by the specimen

through EWR technique;
(e) Alignment of the phase images and the full tomography series;
(f) Reconstruction of the shape of the object based on the full tomography series;
(g) Generation of the shape mask by segmentation, dilatation and edge smoothing;

(h) Reconstruction of the phase images, incorporating the shape mask iteratively during

the reconstruction when necessary.

First, the technique is theoretically evaluated based on the simulation of HRTEM images and
the complex exit wave for gold nanorods (Figure 7.6), with [100] zone axis parallel to the z-axis. The
choice of gold relies on the widespread knowledge of its crystallographic structure, enabling the
verification of the performance of the method. A nanorod was chosen due to its shape anisotropy,
giving some level of complexity to evaluate the technique in development. The thickness of the
nanorod was of 10.2 nm (25 atoms thick along the [100] zone axis). To represent with fidelity the
experimental conditions, a carbon support layer with 3 nm thickness was added at the bottom of the

nanorod. During the simulation, a configuration with 100 phonons was used.

Figure 7.6 — Model of the simulated gold nanorod in red. The carbon support film was also modelled

and is shown in blue colour. The crystallographic orientation of the nanorod along the z-direction
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M365,366

corresponds to the [100] zone axis. The structure was obtained with MULTE software for

MATLAB.

Here, a focal series of HRTEM images was simulated in MULTEM?3%53¢ for the system shown
in Figure 7.6. To obtain a focal series along [-110] and [110] zone axes, the system was rotate by an
angle of -45° and +45° along the long axis of the nanorod, respectively. The microscope parameters
were chosen to resemble the experimental setup of the ThermoFisher aberration corrected ‘cubed’

Titan 60-300 operated at 300kV and are summarized in Table 7-1.

Parameter Value
Acceleration voltage 300 kV
Spherical aberration -0.007 um

Defocus spread 3.2nm
Information limit 0.084 nm
Starting defocus +30 nm

Defocus step -2nm
Number of images per focal series 30

Table 7-1 — Summary of parameters used during the simulation of the focal series of HRTEM images

and the complex exit wave.

A HRTEM image for each case is shown in Figure 7.7, at defocus of 8nm. The exit wave

353 software. To

reconstruction of the simulated HRTEM images was carried out using the XWave
evaluate the influence of residual errors from the exit wave reconstruction on the tomographic
reconstruction, the complex exit wave was also simulated for the same conditions and crystallographic

orientations of the different focal series.

166



Figure 7.7 — Simulated HRTEM image of the created model (nanorod + carbon support film) for
different tilts: (a) -45°, (a) 0° and (a) +45°, with zone axis orientation of [-110], [100] and [110]

respectively. The defocus for all images was equal to 8 nm. The pixel size was equal to 0.01044 nm.

Analysis of the simulated complex exit wave (Figure 7.8) revealed the obtained phases were
wrapped in the interval [—m, T]. The wrapping effect is a result on how the phases are calculated from
a complex function (z = a + ib): argz = tan"1(b/a). For this reason, when the phase reaches the
limit value of i, a sign inversion takes place, giving rise to the observed contrast reversal in the second
column in Figure 7.8. To unwrap the phase, different methods are available3”>. Here, the 2D Goldstein
branch cut phase unwrapping method®”®3”7 was applied to the phase of the simulated exit wave along
different zone axis. The resultant phase can be seen in the third column of Figure 7.8, where no

contrast reversal is observed at certain atomic columns.
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Amplitude Phase - wrapped Phase - unwrapped

Figure 7.8 — Simulated amplitude and phase of the complex wave function of the nanorod supported
by a carbon layer along different orientations. A wrapping effect of the phase was observed in the
second column. By applying the 2D Goldstein branch cut phase unwrapping method, the full

unwrapped phase could be recovered (third column).

359

However, analysis of the reconstructed complex waves using XWave sofware’>” revealed the

absence of the wrapping effect of the phase, as illustrated in Figure 7.9. For the XWave sofware®>®,
the phase values recovered during the reconstruction will be lower than the actual phase values
obtained through simulations, justifying the absence of the wrapping effect of the phase. Therefore,
the phase unwrapping step is not required for complex waves reconstructed using the XWave

sofware3°.
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Amplitude Phase - unwrapped

Figure 7.9 — Reconstructed amplitude and phase obtained from the simulation of the focal series of

HRTEM images.

Since the channelling effect depends on the crystallographic orientation, a variation on the
amplitude and phase of the exit wave for different crystallographic zone axis orientation is expected.
This effect stems for the variation of the extinction distance { (period of the channelled electron beam
by the crystalline object) with varying atomic distances’>342360-364 Thys, the maximum phase value
will differ for each crystallographic orientation. Consequently, a series of phase images of an object
oriented along different crystallographic zone axes will not meet the projection requirement for
tomography, since the scaling of the phase values will not be the same for all images in the
tomographic series. To circumvent such limitation, the exit wave of a gold nano-layer was simulated
for a crystal oriented along [110] and [100] zone axes, for different thickness ranging from 0.4078 nm

to 10 nm, with steps of 0.4078 nm (Figure 7.10.a). To determine the factor that would equalize the
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maximum phase value for both crystallographic zone axes, known as the channelling factor, points for
different crystal thickness would be plot for the phase values of [100] zone axis versus [110] zone
axis(Figure 7.10.b). The channelling factor would be derived from the linear regression of the

relationship between phase [100] versus phase [110] and equalsto A = 1.17209.
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Figure 7.10 — (a) Plot of the phase values for varying thickness (0.4078 to 10 nm) of a gold nanocrystal
oriented along the [100] zone axis (blue) and [110] zone axis (red). (b) Plot of the phase value of the
[100] zone axis versus [110] zone axis in green circles. The red line corresponds to the linear regression

of the plotted points, with values given at the bottom right of the graph.

Finally, the obtained unwrapped phases in Figure 7.8 and Figure 7.9 can be used as an input

for a tomographic algorithm. For this purpose, it is important that the channelling factor has been
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applied correctly to the phase images along different crystallographic zone axes orientation and that
all images are well aligned in respect to each other. Since the results presented so far were originated
from simulations, no shift between consecutive images was present. Next, the prior knowledge of the
shape of the nanorod was incorporated during the tomographic reconstruction to minimize the

presence of missing wedge artefacts.

The obtained 3D atomic structure of the gold nanorod model is shown in Figure 7.11.a-c for
the simulated complex wave function and in Figure 7.11.d-f for the reconstructed complex wave
function from simulated HRTEM images. Due to the very limited number of projections, the prior
information of the morphology was incorporated to the final tomographic reconstruction, where the
morphology of the object was directly retrieved from the simulated shape of the nanorod. A
comparison between the reconstructed 3D volume from the simulated complex wave function and
the reconstructed wave function from simulated HRTEM images reveals a variation on the contrast of
the atoms on the grid for the latter case. The same pattern was also observed in the simulated HRTEM
images at tilt angle of 0°, as it can be seen from Figure 7.11.b. Nevertheless, both retrieved structures
are in good agreement with the simulated model for the gold nanorod. The carbon support layer is
not visible in the reconstructed slices and volume rendering, due to the smaller image contrast in

comparison to the atomic features.

Simulated wave

Figure 7.11 — (a)-(b) Slices through the 3D reconstructed atomic structure of the gold nanorod

obtained from the simulation of the complex wave function along different orientations using the
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prior information of the morphology and (c) its 3D volume rendering. (d)-(e) Slices through the 3D
reconstructed atomic structure of the gold nanorod obtained from the reconstruction of the simulated

HRTEM images along different orientations and (f) its 3D volume rendering.

7.5 The 3D atomic structure of gold nanorods recovery based on experimental results

To verify the experimentally reproducibility of the methodology for the 3D characterisation of
the atomic structure of beam sensitive nanomaterials, gold nanorods were investigated. The choice
of gold relies on the widespread knowledge of its crystallographic structure, enabling the verification
of the performance of the method. A nanorod was chosen due to its shape anisotropy, giving some
level of complexity to evaluate the technique in development. The experimental parameters used for

the acquisition of the focal series of HRTEM images were the same as the ones displayed in Table 7-1.

Three focal series were acquired at angles of +54°, +9° and -36°, for crystallographic
orientations along the [010], [110] and [100] respectively, using an automatic script for the acquisition
of focal series from ThermoFisher. Additionally, a full tomography series was acquired in STEM mode,
to provide the prior information of the shape. The exit wave reconstruction was performed in
XWave? software, with the amplitude and phase images for all projections shown Figure 7.12. A
further analysis of the phase images revealed a slight disturbance of the linearity of the phase values
for atoms closer to the surface. This effect is attributed to the excess of free ligands in suspension and
does not prevent the tomographic reconstruction of the phase images. The alignment of the phase

378 module for

images prior to the tomographic reconstruction was performed manually using Midas
IMOD3®”, since methods based on the cross/phase correlation were not successful. Prior to the

reconstruction, the channelling factor A = 1.1729 was applied, as discussed in the previous section.
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Figure 7.12 — (a)-(c) Recovered amplitude and (d)-(f) phase images obtained with XWave3*° software
of a gold nanorod supported by a carbon layer of 3 nm of thickness. The linearity of the phase values

are slightly disturbed by the presence of the excess of free ligands.

The tomographic reconstruction was carried out as described in section 7.3, using the prior
information of the shape obtained from a conventional HAADF-STEM tomographic series. However,
as it can be observed in Figure 7.12, a strong contrast variation of the background was observed on
the gold nanorods. Further analysis revealed this contrast was originated from the excess of free
ligands present in the solution containing the nanoparticles in suspension. The presence of such strong
contrast variation in a tomographic series containing a very limited number of projections gave rise to
artefacts in the 3D reconstructed atomic structure, since the presence of amorphous material
surrounding the object under investigation is responsible for disturbing the channelling of the electron
beam through the gold crystal lattice3®. Therefore, the excess of amorphous material will be
responsible to induce extra variation of the phase values in the reconstructed phase images. To
minimize the variation of intensities observed in the 3D reconstructed volume due to the presence of
the excess of free ligands, a post-filtering was applied to the 3D object retrieved from electron
tomography, after the reconstruction was finalized. This filter consists in the identification and
selection of all reflections present in the 3D Fourier transform of the reconstructed object. Gaussian
spheres with smoothed edges are generated for each position correspondent to a reflection and

multiplied with the 3D Fourier transform (Figure 7.13). The new 3D atomic structure of the
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investigated nanomaterial is obtained by applying an inverse Fourier transformation to the filtered 3D
Fourier transform and is displayed Figure 7.14. A different gold nanorod was investigated using the 3D

EWR methodology and similar results were obtained.
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Figure 7.13 — (a) Single slice of the Fourier transform of the 3D reconstructed structure. (b) Mask
created on base of the position of the reflections, after Gaussian smoothing. (c) Resultant Fourier

transform obtained after applying the generated mask in (b).

()

Figure 7.14 — (a) Slices through the 3D reconstructed volume using the 3D EWR methodology along
different orientations and (b) respective volume rendering in 3D. Here, the prior information of the
morphology obtained from a conventional HAADF-STEM tomographic series was incorporated to the

final tomographic reconstruction with atomic resolution.

The results for the 3D atomic structure of gold nanorods are in good agreement with the
results obtained through simulations. One interesting aspect was the absence of the phase values

variations in the experimental data as it was observed for simulated HRTEM images, as shown in Figure
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7.7.b and Figure 7.11.d-e. This effect could be associated with the used models for the dynamical
scattering and the quantity of phonon configurations used during the simulation of HRTEM images. In
principle, a large number of phonons that resemble the experimental conditions could be used.
However, by increasing the number of phonons in the -calculations, the computational
time/complexity considerably increases. Therefore, a balance between the number of phonons and

the computational requirements was established for the present calculations.

The comparison between our experimental results with simulations and the good agreement
found validate the 3D EWR methodology. This technique has great potential for the 3D
characterisation of beam sensitive nanomaterials through the combination of very low dose imaging
conditions with the use of direct electron detectors. Besides, this methodology can also be employed
in non-aberration corrected TEMs, enabling a vast range of laboratories around the world to retrieve

the 3D atomic structure of a diversity of nanomaterials.

7.6 Towards the recovery of the 3D atomic structure of beam sensitive

nanostructures

Finally, the methodology of 3D EWR was evaluated for the 3D characterisation at the atomic
level of beam sensitive nanomaterials. Therefore, a ThermoFisher aberration corrected ‘cubed’ Titan
60-300 microscope operated at 300 kV and equipped with a direct electron detector from Gatan, the
K2 summit Direct Detection Camera, was used. In this detector, each pixel has an individual photo-
detector and an active amplifier. In this manner, the signal of each pixel can be recorded and
processed individually. Moreover, this detector has a special image mode named counting mode,
where the analogue signal from each incident electron is replaced by a discrete count. The advantage
of this mode is the noise reduction and the increase of the DQE. To ensure the maximum efficiency
and the smallest illumination time of beam sensitive nanomaterials, it is essential to develop a new
routine for an automatic acquisition of focal series of HRTEM images using the count mode. Therefore,
| developed a script for Digital Micrograph software from Gatan for such automatic acquisition, in

collaboration with Dr. Armand Béché.

As a test case, an exit wave reconstruction was performed for a metal halide perovskite using
the new script for the automatic acquisition. Here each pixel registered 8 electrons/pixel/s and 40
frames were acquired in time interval of 1 s for each defocus. The signal-to-noise ratio of each
individual frame is very low and it does not enable direct qualitative interpretation. Due to the
specimen drift, a blurring effect was observed after summing all frames (Figure 7.15.a). For a proper

alignment of the stack of HRTEM images, cross-correlation with sub-pixel precision was applied
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between consecutive images. As a result, the atomic features could be retrieved for the sum of all
frames for a given defocus (Figure 7.15.b). The resultant reconstructed amplitude and phase of the
complex wave emitted by the specimen are shown in Figure 7.15.c-d. Although the electron dose of
each individual frame was low (128 electrons/Az), the signal-to-noise ratio of the final

reconstruction is comparable with the results obtained with conventional CCD’s.
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Figure 7.15 — (a) Sum of 40 frames of HRTEM images obtained with the K2 summit Direct Detection
Camera of a CsPbBr; perovskite at defocus of 30 nm. None of the nanocrystals were oriented along a
main crystallographic zone axis. The blurring effect of the atomic features is attributed to the drift of
the specimen during the acquisition. (b) Sum of the same frames shown in (a) after alignment with
sub-pixel precision using cross-correlation. Reconstructed (c) amplitude and (d) phase using XWave

software3®.
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To further minimize the effect of the variation of contrast in the phase images, TEM grids with
a graphene as a support layer were used. The TEM grids with a graphene support layer were prepared
in-house by EMAT researchers, following the protocols of Pedrazo-Tardajos et al.3!. To properly
remove the polymeric residues resultant from the film transfer, a protocol with activated carbon was
applied®®?: the grid was submerged in a glass container containing the activated carbon at room

temperature and heated to 300°C for 15h, with heating step of 5°C/min.

The new methodology was finally applied to small nanocubes of CsPbBrs, which is extremely
beam sensitive (Figure 7.1). The microscope parameters are the same as presented in Table 7-1, with
exception of the spherical aberration, which corresponded to -0.005 mm. To prevent any structural
modification, an electron dose of 4.974 electrons/A? was used (0.5 electrons/pixel/s) for the
acquisition of the focal series. Here, we acquired a stack of 20 frames per defocus. Due to the
extremely low doses, the signal-to-noise ratio was very low for a single frame (Figure 7.16.a). A slight
increase on the signal-to-noise ratio was observed after alignment by cross-correlation and
summarization of all frames in the same stack (Figure 7.16.b). Because the electron dose of the
incident beam was extremely low, the process of orientating of the crystal along main zone axes was
not possible. Therefore, a focal series was acquired from a tilt angle of -70° to +70°, with steps of 10°.
Examples of reconstructed amplitude and phase images are shown in Figure 7.16.c-f. In principle, any
prior information about the shape is required, as a series of phase images along a wide range of angles
were obtained. However, in some cases the contrast of the shape in the phase image at given
projections were very subtle (Figure 7.16.d), resulting in the presence artefacts from the missing
wedge in the reconstructed 3D atomic structure. To minimize the presence of such artefacts, the prior
information about the shape of the object was retrieved from the tomographic reconstruction of the
amplitude images and incorporated in the reconstruction similarly as described in section 7.3. To
remove the presence of atomic features from the amplitude images, a Gaussian filter was applied to
blur such features. The volume rendering of the obtained 3D volume (Figure 7.16.g) reveals the
presence of atomic resolution features. Still, many artefacts are present in the 3D reconstructed
volume, mainly due to the low signal-to-noise ratio. Moreover, an excess of free ligands in the solution
containing the nanoparticles in suspension was observed. The effect of the free ligands can be directly
seen from Figure 7.16.c-f, where the features corresponding to the graphene support layer are not
visible due to the free ligands. Moreover, the future development of automatic methods for the
alignment of the tomographic series of phase images could drastically improve the quality of the

reconstruction®3,
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(a) Single frame

Figure 7.16 — (a) Single frame of a stack of HRTEM images obtained with the K2 summit Direct
Detection Camera of CsPbBr; nanocube, at tilt angle of 0°. (b) Sum of the same frames shown in (a)
after alignment with sub-pixel precision using cross-correlation. Reconstructed (c), (e) amplitude and
(d), (f) phase using XWave software®* at different tilt angles. (g) Volume rendering of the retrieved 3D
volume, where atomic features can be observed along different orientations. The 3D volume was
obtained through the use of prior information of the morphology, using the amplitude images

retrieved from the EWR for each projection as input for a tomographic reconstruction.

Although the methodology was experimentally validated for gold nanorods, improvement are

still required for the metal halide perovskites investigated in this section. The lower quality observed
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in the present reconstruction is mainly attributed to the lower signal-to-noise ratio. To improve this
ratio, a modified image restoration based on the convolution neural networks (Appendix A) can be
developed for phase images. In this way, the training of the neural network would enable the
identification of the presence and the levels of noise in the image as well as their further
compensation. Alternatively, the increase of the signal-to-noise ratio can be improved by reducing the

383 proposed a modification of

camera’s photosensor noise3®. To this aim, Evtikhiev and co-workers
flat-field correction technique to increase the signal-to-noise ratio by spatial noise suppression using
the knowledge of the light spatial noise portrait (LSNP) of the detector. As a result, Evtikhiev and co-

workers were able to improve the signal-to-noise ratio by a factor of 5.

7.7 Conclusions

In this chapter, we showed the need of novel techniques for the 3D characterisation of
nanomaterials that are sensitive to the electron beam. HRTEM imaging is promising technique for the
study of beam sensitive nanomaterials, due to the development of direct electron detection cameras.
An experimental methodology for the recovery of the 3D atomic structure of nanocrystals was
proposed, experimentally tested in model like structures (gold nanorods) and applied to realistic
nanomaterials. Still, the quality of the obtained 3D reconstructed volume of realistic cases can be
enhanced by improving the sample preparation techniques as well as by using post-processing
technique to increase the observed low signal-to-noise ratio. Moreover, further development of an
automatic method for the alignment of the phase images is still required. Nevertheless, this
methodology can also be employed for the recovery of the 3D atomic structure of a vast range of

nanomaterials using non-aberration corrected electron microscopes.
7.8 Experimental methods

In this section, a summary of the different approaches for the characterization of
nanomaterials based on advanced techniques for electron microscopy is provided. Low dose TEM
imaging combined with advanced single electron detection cameras allowed the visualization of metal
halide perovskites with reduced structural modifications by the electron beam. The projected atomic
structure of metal halide perovskites were obtained from the phase images retrieved with EWR
method. In order to obtain the atomic structure of such materials in 3D, an advanced approach for
atomic resolution electron tomography based on the phase images obtained from the EWR were
experimentally implemented. Gold nanorods were initially used as proof of concept for the verification

and experimental implementation of the approach, based on the simulated and experimental results
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respectively. The approach was also employed for beam sensitive metal halide perovskites in

combination with single electron detection cameras, where improvements are still required.

7.9 Author contribution

Thais Milagres de Oliveira acquired all the experimental data of gold nanorods and performed
all the exit wave reconstructions shown in this chapter. The focal series of perovskites were acquired
in collaboration with Dr. Nathalie Claes, Dr. Eva Bladt and Dr. Julien Ramade. The script for the
automatic acquisition of focal series using the K2 summit Direct Detection Camera was developed in
collaboration with Dr. Armand Béché. The perovskite samples were synthesized in the laboratory of
Prof. Dr. Johan Hofkens from Catholic University of Leuven and the gold nanorods in the laboratory of

Prof. Dr. Luis M. Liz-Marzan.

The author of the present thesis contributed to this study by verifying the approach for
electron tomography based on exit wave reconstruction through simulated results, by implementing
the approach experimentally, by developing techniques for the focal series acquisition using single
electron detection cameras and by investigating beam sensitive nanomaterials (perovskites) at the

atomic level, in 2D and 3D, where the 3D EWR approach is applied.
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Chapter 8. General conclusions and outlook

The 3D characterisation of complex materials is not always straightforward. In this thesis, the
limitations for a thorough investigation of realistic nanostructures that go beyond model-like
structures were addressed. To visualize the 3D distribution of the structural defects in gold
nanoparticles, multimode tomography was employed (Chapters 3 and 5). However, this technique
only provides information at the nanoscale. Since the functional properties of nanomaterials are
connected with the position of the atoms, the bonding between them and their chemical nature, it is
essential to also retrieve the 3D atomic structure of such defects. To achieve this goal, a recently
developed technique for atomic resolution tomography was applied. With this approach, the use of
prior information about the material under investigation is not required, which makes this technique
ideal for the characterisation of nanomaterials containing structural defects. Therefore, we were able
to investigate the presence of cavities in hollow nanoparticles and the 3D distribution of different
types of defects, such as dislocations, grain and twin boundaries, in different systems of gold

nanoparticles, as shown in Chapters 4 and 5.

Although multimode and atomic resolution tomography methodologies provide very unique
information, the complexity of such methods prevents their use for the characterisation of a relevant
statistical distribution of structural defects in nanoparticles. The knowledge of the defect yield present
in nanoparticles is essential for applications and even the optimization process of synthesis of
nanomaterials, as shown in Chapters 3 and 4. To this aim, a tilt series of ADF-STEM images were
acquired for hundreds of nanoparticles, enabling the identification of multi-crystalline nanoparticles

and a statistical classification of defects present in different systems.

More interesting, the dynamical behaviour of defects, such as cavities in hollow nanoparticles,
were investigated under in-situ heating conditions in 3D, as shown in Chapter 4. As a result, it was
observed that the cavities migrated towards the closest external surface of the nanoparticle, albeit for
some cases. Furthermore, spectroscopic techniques (EELS-STEM) enabled the determination of the
contents of the observed cavities. Therefore, our studies revealed that upon heating of hollow
nanoparticles, the contents of the cavities are released in the surrounding environment, as confirmed
by molecular dynamics simulations. Such knowledge is of extreme importance in the design of new

applications for hollow nanoparticles, such as gas/liquid storage.

Because conventional electron tomography only provides information at the nanoscale, the
evolution of the atomic lattice of hollow nanoparticles for increasing temperature conditions is still

unclear. Thus, it becomes essential to combine the current in-situ heating investigation with advanced
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techniques for electron tomography at the atomic level. Such knowledge would enable the
characterisation of the facets in the inner surface of hollow nanoparticles at increasing temperature
conditions. To this aim, the approach described at Appendix A was applied to hollow nanoparticles
and the obtained 3D structures at different temperatures can be seen in Figure 8.1. Here, instead of a
migration of the cavity towards the closest external surface of the nanoparticle, the nanoparticle was
clearly affected by electron beam damage. To prevent these effects in the future, new approaches for
atomic resolution tomography based on the simultaneous acquisition of a stack of frames while tilting
the holder are required; similar to what is currently done at the nanoscale level. To enable such
acquisition scheme, improvements in the hardware of the microscope are required to maintain the
specimen always in the field of view while tilting the holder, since at higher magnifications, variations
of only a few nanometres in the position of the object under investigation is sufficient to prevent high-

resolution imaging of the same.

Volren rendering xz-slice yz-slice
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Figure 8.1 — Volume rendering and slices across of the 3D reconstructed with atomic resolution

features of a hollow nanoparticle upon increasing temperature conditions.
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Moreover, defects can also be correlated with functional properties of nanomaterials. In
Chapter 5, we have shown a link between the type of defect observed in welded gold nanorods and
the plasmonic properties of such systems. Since the defect type is directly associated with the welding
geometry, the engineering of the welding process will result in the production of nano-systems with

tunable optical properties.

However, the investigation of other types of nanomaterials are even more complex than
metallic nanoparticles, since they might be more sensitive to the electron beam, as it is the case with
soft-hard composites and halide perovskites, shown in Chapters 6 and 7. To retrieve the 3D structure
of self-assemblies of metallic nanoparticles encapsulated with a polystyrene shell, advanced
techniques for sample preparation under cryogenic conditions were combined with low dose TEM
imaging. In this manner, the liquid phase was avoided during the sample preparation, minimizing the
effects of drying processes, whilst lower electron doses prevented the structural modifications during

illumination, as discussed in Chapter 6.

Finally, to retrieve the 3D atomic structure of beam sensitive nanomaterials, a methodology
that has been theoretical proposed was applied to experimental data (Chapter 7). This approach
combines extremely low electron doses with the use of direct electron detection cameras. Because
the quantification and interpretation of HRTEM images are very complex and not straightforward, exit
wave reconstruction was used to deliver an image that contains the information about the projected
atomic potential of the object under investigation. During the development of the experimental
methodology, phase images of gold nanorods along different orientations were obtained. A 3D atomic
structure was retrieved from a tomographic reconstruction based on the phase images and the prior
knowledge of the morphology of the investigated nanomaterial. Moreover, a 3D reconstruction of a
halide perovskite was obtained, containing atomic features. Further experiments are still required to
improve the quality of the reconstructed atomic structure of beam sensitive nanomaterials and the
focus should be in the increase of the signal-to-noise ratio of phase images and the quality of the
solutions containing the nanoparticles in suspension. For instance, the presence of excess of ligands
in solution hampers the quality of the obtained HRTEM and phase images, as well as it contributes for
an increased growth of organic compounds under electron beam irradiation. Additionally, the
development of new methodologies for automatic alignment of the tomographic series of phase
images with high signal-to-noise ratio is required, which could drastically improve the quality of the

reconstruction.

In summary, it has been demonstrated in the present thesis how the use of advanced

techniques of transmission electron microscopy enabled the characterization of more complex
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nanostructures. Consequently, a better understanding about the morphology and the physical
properties of different nanomaterials was achieved in the course of the present thesis. More
specifically, a relationship of the crystallinity of seeds with the final products in the seed-mediated
growth approach was established. This finding is of great relevance for the optimization of synthesis
protocols and eventually enhance the dispersity yield of the final products. Additionally, the formation
of a new type of nanostructure has been observed upon nanosecond laser pulses at specific
conditions: hollow nanoparticles. The use of advanced techniques of electron microscopy enabled the
comprehension of how cavities are formed upon interaction with ultrashort laser pulses and will
contribute in the design of new applications using this type of material. Besides, the influence of the
presence of structural defects on the optical properties of welded nanostructures has been
established in the present thesis, which will in turn affect the performance of nanostructures in
different types of applications in the optical field. Still, some nanomaterials are very sensitive towards
the electron beam and the used approaches can no longer be applied. By applying advanced
methodologies for sample preparation and electron microscopy techniques, the characterization of
sensitive nanostructures in 3D at the nanoscale and even at the atomic level becomes possible. This
opens new possibilities to investigate a vast range of complex nanostructures, enabling the
optimization of the synthesis protocols, a deeper comprehension of the physical properties and

eventually the design and optimization of the applications.

In order to achieve s further evolution of the 3D characterization techniques, new advances
in the hardware of the electron microscopes and in the software for the data processing are required
for the. In this manner, the investigation of more complex nanostructures can become more and more

routinely.
8.1 Experimental methods

In this section, a summary of the different approaches for the characterization of
nanomaterials based on advanced techniques for electron microscopy is provided. Atomic resolution
electron tomography of hollow nanoparticles was performed under in-situ heating conditions for the

investigation of the dynamical behaviour of the cavity at the atomic level.

8.2 Author contribution

Thais Milagres de Oliveira performed the acquisition of the tomographic series for different
temperatures with atomic resolution and the reconstruction tomographic series for each temperature
Synthesis of gold nanospheres and the nanosecond laser pulses treatment were carried out by the

research team of Prof. Dr. Luis M. Liz-Marzan.
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The author of the present thesis contributed to this study by providing the dynamical

evolution of the cavity at increasing temperature conditions at the atomic level, regarded the

influence of the electron beam on the final result.

8.3

List of strategies used in the present thesis

In the present thesis, different methodologies for electron microscopy were used during the

characterization of nanomaterials. Here, a list with all different approaches used in the results

chapters is presented, with the respective advantages and disadvantages of each method.

defects in 3D.

investigation of the
structure of the
object as well as the
3D distribution of

defects.

Chapters that
Method Aim used the Advantages Disadvantages
method
ADF tilt For analysis of Chapter 3 and Permits an statistical | Does not allow a
series the distribution | Chapter 4. distribution analysis, | direct determination
of particles with since it is performed | of the defect type.
defects. at lower
magnifications.
Electron Characterization | Chapter 3, Provides the Does not provide
tomography | of the structure | Chapter 4, morphology and information
(STEM) of Chapter 5 and internal structure of | regarding the crystal
nanomaterials Chapter 6. different structure of the
in 3D. nanomaterials. Can | object under
be combined with investigation. Can
spectroscopic cause radiation
techniques and in- damage to beam
situ conditions. sensitive
nanostructures.
Multimode Characterization | Chapter 3 and Allows the Does not provide
tomography | of structural Chapter 5. simultaneous information

regarding the nature
of the structural

defect.
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Atomic Characterization | Chapter 4, Provides the 3D Computational
resolution of the crystal Chapter 5 and atomic structure of | complexity of the
electron structure of Chapter 8. nanomaterials. post processing of
tomography | nanomaterials Enables further the images, prior to
in 3D. characterization of the tomographic
the lattice, such as reconstruction. The
the presence of specimen receives
lattice strain. Can be | more radiation than
combined with electron tomography
spectroscopic at the nanoscale and
techniques and in- are not ideal for
situ conditions. beam sensitive
nanostructures.
In-situ Characterization | Chapter 4 and Can be combined Requires specialized
heating of the Chapter 8. with electron TEM holder and
dynamical tomography apparatus.
behaviour of experiments (nano
nanomaterials and atomic scale)
upon varying and spectroscopic
temperature techniques.
conditions.
Electron Characterization | Chapter 6. Provides the 3D Reconstructions
tomography | of the structure structure of contains more noise
(TEM) of nanomaterials. Ideal | when compared with

nanomaterials

in 3D.

for soft-hard
structures (carbon

based shells).

STEM techniques.
Artefacts might be
present due to the
presence of
diffraction contrast
and the strong
contrast from the
support layer
(carbon). Requires

the use of grids with
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ultrathin carbon

support or graphene.

3D EWR

Characterization
of the crystal
structure of
nanomaterials
in 3D, based on
the phase
obtained from

the EWR.

Chapter 7.

Provides the 3D
structure of the
object under
investigation at the

atomic scale.

For low dose
conditions,
improvements on the
signal-to-noise ratio
and image alignment

are still required.

Table 8-1 — Summary of the strategies used in the present thesis, with respective advantages and

disadvantages.
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Summary

Nanomaterials have shown increased interest over the past decades, due to their unique
physical properties that enabled a new range of applications. Moreover, the use of advanced
techniques for the characterization of such nanostructure was vital in the determination of the
structure-property relationship that has been observed in nanomaterials. Transmission electron
microscopy (TEM) has become the routinely technique for the characterization of nanostructures.
However, the obtained images from TEM only corresponds to a two dimensional (2D) projection of a
three-dimensional (3D) object. To circumvent such limitation, electron tomography is generally used

to retrieve the 3D structure of nanomaterials.

However, electron tomography is commonly applied in the investigation of simple structures
(e.g., model-like materials like monocrystalline nanospheres and nanorods). For nanomaterials with
increasing complexity (e.g., presence of structural defects and beam sensitive structures), the use of
standard techniques becomes limited, which can result in the presence of additional artefacts in the

reconstructed 3D structure and/or even some type information loss.

Moreover, very often the investigation of nanomaterials are performed under specific
environmental conditions, such as high-vacuum and room temperature. In this manner, only the static
behaviour of the nanomaterials are captured. Thus, the characterization of chemical reactions at the
surface of nanoparticles, phase transformations at high or varying pressure/temperature and
nucleation/growth events cannot be achieved with the standard techniques for 2D/3D electron
microscopy. To investigate nanomaterials under realistic conditions, in-situ techniques combined with

electron tomography are of great importance.

In this thesis, more advanced 3D (S)TEM characterization techniques were employed for a
thorough characterization of more complex nanomaterials, at specific and realistic environmental

conditions. In the following paragraphs, an overview of each chapter is given.

Chapter 1 presents a basic introduction to nanotechnology and the recent advances in this
field. In this thesis, two classes of nanomaterials are investigated: metallic nanoparticles and metal
halide perovskite nanostructures. Therefore, a brief description of the relevant physical properties for
each system and their respective applications is given. Finally, the need of advanced techniques for

the characterization of complex nanomaterials is addressed.

Chapter 2 is devoted to electron tomography. Firstly, electron microscopy is briefly

introduced. Next, the theoretical description of the principles behind electron tomography is
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discussed. The image modes where a tomographic series can be acquired is addressed and followed
by the description of each step to retrieve the 3D structure of the object under investigation:
acquisition of a tomographic series, image alignments, alignment of the tilt axis, reconstruction and

visualization.

The remaining of this thesis is devoted to the application of advanced techniques for electron
tomography for a thorough characterization of complex nanostructures. The thesis is dived in two
parts: “Electron tomography of metallic nanoparticles containing structural defects” (chapter 3 to

chapter 5) and “Electron tomography of beam sensitive nanomaterials” (chapter 6 and chapter 7).

Chapter 3 demonstrates that an oxidative etching procedure of nanotriangles and nanorods
results in spherical nanoparticles that may contain structural defects. High-resolution scanning
transmission electron microscopy (STEM) revealed the type of defect found for each system.
Moreover, a statistical analysis based on a tilt series of annular dark field (ADF) images demonstrated
that the percentage of defects found are dependent on the initial structure prior to the treatment, as
well as the conditions used during the oxidative etching treatment. The resulting spherical
nanoparticles are further used as seeds in the synthesis process of larger nanostructures through the
seed-mediated process. Electron tomography experiments of such systems revealed that the presence
of defect in the seeds influence the final shape of the overgrown structures. Moreover, multimode
electron tomography revealed that the crystal structure is preserved during the growth process. The
use of advanced techniques for the characterization of nanostructures allowed us to stablish a
connection between the shape of the overgrown structure and the initial seed during the seed-

mediated process.

In Chapter 4, nanosecond laser pulses are used to introduce defects in spherical nanoparticles.
The influence of the chemical environment during pulsed laser irradiation on the formation of defects
is investigated. High-resolution STEM imaging combined with statistical analysis based on tilt series of
ADF images revealed the type and the percentage of defects for each irradiated system. For a given
set of conditions during the laser interaction, the formation of hollow nanoparticles is observed.
Atomic resolution electron tomography enabled the characterization of the crystal lattice of hollow
nanostructures. The use of in-situ heating tomography experiments in combination with spectroscopic
techniques furthermore revealed the contents inside the cavities of hollow nanoparticles as well as
the dynamical behaviour upon increasing temperature conditions. These findings were essential to

establish the formation mechanism of cavities in hollow nanoparticles.

In Chapter 5, the welding between the tips of nanorods arranged in a dimer configuration is

investigated. Such welding is promoted by the interaction of the dimers of nanorods with
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femtosecond laser pulses at relatively high fluences. Electron tomography at the nanoscale in
combination with high-resolution STEM imaging enabled us to establish a connection between the
welding geometry and the defect type formed at the nanojunction. Additionally, advanced techniques
of electron tomography at the atomic level allowed the visualization of the 3D distribution of the
different types of defects observed. Next, spectroscopic measurements enabled the characterization
of different plasmon modes in conductively connected systems. Moreover, the plasmonic properties
is further investigated for welded systems with similar welding geometry and different structural
defects at the nanojunction. Our findings revealed that the defect type does not influence the
resonant energy of the plasmon modes, but the presence of defects is responsible for a further

broadening of the energy spectrum of the resonant mode.

The second part of this thesis focuses on the characterization of beam sensitive
nanomaterials. Chapter 6 focuses on the characterization of soft-hard composites. Here, self-
assemblies of metallic nanoparticles are coated with a polystyrene shell, for applications in the
biomedical field. We address the challenges related to the 3D investigation of soft-hard self-
assemblies, such as radiation damage process and the effect of the sample preparation methods.
Alternative techniques are used to retrieve the 3D volume, while maintaining the structure as close as
possible to its original state. In this chapter, the number of particles per self-assembly and the distance
between neighbouring particles are determined. This information is vital for a better comprehension

of the plasmonic properties of such systems.

Chapter 7 aims the 3D characterization of beam sensitive nanostructures at the atomic level.
Because of the development of direct electron detection cameras, the electron dose can be further
reduced, enabling the characterization of sensitive structures. To retrieve the 3D atomic structure of
such nanomaterials, an advanced method based on high-resolution TEM images are combined with
electron tomography. Experimental tests on gold nanorods validated the methodology, which was

further applied to metal halide perovskite nanocubes.

Finally, Chapter 8 presents the general conclusions of this thesis as well as an outlook for the

future characterization of complex nanomaterials.
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Samenvatting

De interesse voor nanomaterialen is de afgelopen decennia sterk toegenomen omwille van
hun unieke fysische eigenschappen. Deze eigenschappen hebben een nieuwe reeks toepassingen
mogelijk gemaakt. Om de relatie tussen de structuur en de eigenschappen van nanomaterialen te
bepalen, is het gebruik van geavanceerde technieken voor het karakteriseren van dergelijke
nanostructuren van cruciaal belang. Transmissie elektronenmicroscopie (TEM) is de routinematige
techniek geworden voor het karakteriseren van nanostructuren. De verkregen TEM beelden zijn een
tweedimensionale (2D) projectie van een driedimensionaal (3D) object en kunnen erg misleidend zijn.
Om een dergelijke beperking te omzeilen, wordt elektronentomografie gebruikt om de 3D structuur

van nanomaterialen te bepalen.

Conventionele elektronentomografie wordt over het algemeen toegepast bij het onderzoek
van eenvoudige structuren (bijvoorbeeld modelachtige materialen zoals monokristallijne nanosferen
en nanostaafjes). Voor nanomaterialen met toenemende complexiteit (bijv. aanwezigheid van
structurele defecten en bundelgevoelige structuren), wordt het gebruik van standaardtechnieken
onvoldoende. Dit kan resulteren in de aanwezigheid van extra artefacten in de 3D reconstructie en

zelfs leiden tot enig type informatieverlies.

Bovendien wordt het onderzoek naar nanomaterialen vaak uitgevoerd onder specifieke
omgevingscondities, zoals in hoog vacuiim en op kamertemperatuur. Op deze manier wordt alleen
het statische gedrag van de nanomaterialen vastgelegd. Dit wil zeggen dat de karakterisering van
chemische reacties aan het oppervlak van nanodeeltjes, fasetransformaties bij hoge of variérende
druk/temperatuur en nucleatie/groei niet kunnen worden onderzocht met deze standaardtechnieken
voor 2D / 3D-elektronenmicroscopie. Om nanomaterialen onder realistische omstandigheden te

onderzoeken zijn in-situ technieken in combinatie met elektronentomografie van groot belang.

In dit proefschrift werden geavanceerde 3D (S)TEM-technieken gebruikt voor een grondige
karakterisering van complexere nanomaterialen bij specifieke en realistische omgevingscondities. In

de volgende paragrafen wordt een overzicht van elk hoofdstuk gegeven.

In hoofdstuk 1 wordt een inleiding tot nanotechnologie gegeven en worden de recente
vorderingen in dit onderzoeksgebied besproken. In dit proefschrift worden twee klassen
nanomaterialen onderzocht: metalen nanodeeltjes en metaalhalogenide perovskiet nanostructuren.
Er wordt een korte beschrijving van de relevante fysieke eigenschappen voor elk systeem en hun
respectievelijke toepassingen gegeven. Ten slotte wordt ingegaan op de behoefte aan geavanceerde

technieken voor de karakterisering van complexe nanomaterialen.
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Hoofdstuk 2 is gewijd aan elektronentomografie. Eerst wordt elektronenmicroscopie kort
geintroduceerd. Vervolgens wordt de theoretische beschrijving van de principes achter
elektronentomografie besproken. De beeldvormingstechnieken waarin een tomografische serie kan
worden opgenomen, worden toegelicht. Ten slotte wordt een beschrijving gegeven van elke stap om
de 3D-structuur van het onderzochte object te bekomen: opname van een tomografische serie,

uitlijning, reconstructie en visualisatie.

De rest van dit proefschrift is gewijd aan de toepassing van geavanceerde technieken voor
elektronentomografie voor een grondige karakterisering van complexe nanostructuren. Het
proefschrift bestaat uit twee delen: "Elektronentomografie van metalen nanodeeltjes met structurele
defecten" (hoofdstuk 3 tot hoofdstuk 5) en "Elektronentomografie van bundelgevoelige

nanomaterialen" (hoofdstuk 6 en hoofdstuk 7).

Hoofdstuk 3 toont dat een oxidatieve etsprocedure van nanodriehoeken en nanostaafjes
resulteert in bolvormige nanodeeltjes die structurele defecten kunnen bevatten. Hoge resolutie
scanning transmissie elektronenmicroscopie (STEM) onthulde het type defect dat voor elk systeem
werd gevonden. Bovendien toonde een statistische analyse op basis van een tilt serie van ringvormige
donkerveld (ADF) beelden aan dat het percentage van de gevonden defecten afhankelijk is van de
initiéle structuur voorafgaand aan de behandeling, evenals de experimentele parameters tijdens de
oxidatieve etsbehandeling. De resulterende sferische nanodeeltjes worden verder gebruikt als zaden
in het syntheseproces van grotere nanostructuren door het zaadgemedieerde proces.
Elektronentomografie experimenten van dergelijke systemen toonden dat de aanwezigheid van
defecten in de zaden de uiteindelijke vorm van de structuren beinvloedt. Bovendien onthulde
multimode elektronentomografie dat de kristalstructuur behouden blijft tijdens het groeiproces. Het
gebruik van geavanceerde technieken voor de karakterisering van nanostructuren stelde ons in staat
om een verband te leggen tussen de vorm van de structuur en de initiéle zaad tijdens het

zaadgemedieerde proces.

In hoofdstuk 4 worden nanoseconde laserpulsen gebruikt om defecten in bolvormige
nanodeeltjes te introduceren. De invloed van de chemische omgeving tijdens gepulseerde
laserbestraling op de vorming van defecten wordt onderzocht. Met behulp van hoge resolutie STEM-
beeldvorming in combinatie met statistische analyse op basis van een reeks ADF beelden kon het type
en het percentage defecten voor elk bestraald systeem worden bepaald. Onder bepaalde
omstandigheden tijdens de laserinteractie wordt de vorming van holle nanodeeltjes waargenomen.
Elektronentomografie met atomaire resolutie maakte de karakterisering mogelijk van het

kristalrooster van deze holle nanostructuren. Het gebruik van in-situ opwarming tijdens tomografie-
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experimenten in combinatie met spectroscopische technieken onthulde bovendien de inhoud in de
holtes van deze holle nanodeeltjes, evenals het dynamische gedrag bij toenemende
temperatuuromstandigheden. Deze bevindingen waren essentieel om het vormingsmechanisme van

holten in holle nanodeeltjes vast te stellen.

In Hoofdstuk 5 wordt de junctie tussen de uiteinden van nanostaafjes in een dimeer
configuratie onderzocht. De junctie wordt bevorderd door de interactie van de dimeren van
nanostaafjes met femtoseconde laserpulsen. Elektronentomografie op nanoschaal in combinatie met
hoge resolutie STEM-beeldvorming stelde ons in staat om een verband te vinden tussen de geometrie
van de connectie en het defecttype dat bij de nanojunctie werd gevormd. Bovendien maakten
geavanceerde technieken van elektronentomografie op atomair niveau de visualisatie van de
verschillende soorten defecten mogelijk. Door elektronentomografie experimenten te combineren
met spectroscopische metingen wordt vervolgens een relatie bepaald tussen de junctie geometrie en
de plasmonische eigenschappen. Bovendien worden de plasmonische eigenschappen verder
onderzocht voor systemen met een vergelijkbare junctie geometrie en verschillende structurele
defecten aan de nanojunctie. Onze bevindingen lieten zien dat het defecttype de resonantie energie
van de plasmon-modi niet beinvloedt, maar de aanwezigheid van defecten is verantwoordelijk voor

een verdere verbreding van het energiespectrum van de resonantie-modus.

Het tweede deel van dit proefschrift richt zich op de karakterisering van bundelgevoelige
nanomaterialen. In hoofdstuk 6 wordt de karakterisering van zacht-harde composieten besproken.
Hier worden zelfassemblages van metalen nanodeeltjes bekleed met een polystyreen schil voor
toepassingen in het biomedische veld. Het 3D-onderzoek van zacht-harde zelfassemblages is
uitdagend door de elektronenbundel gevoeligheid en het effect van de monster
voorbereidingsmethoden. Er worden alternatieve technieken gebruikt om deze zacht-harde
composieten te bestuderen. In dit hoofdstuk wordt het aantal deeltjes per zelfassemblage en de
afstand tussen naburige deeltjes bepaald. Deze informatie is essentieel voor een beter begrip van de

plasmonische eigenschappen van dergelijke systemen.

Hoofdstuk 7 richt zich op de 3D-karakterisering van bundelgevoelige nanostructuren op
atomair niveau. Door de ontwikkeling van camera's voor directe elektronendetectie kan de elektronen
dosis verder worden verlaagd, wat de karakterisering van gevoelige structuren mogelijk maakt. Om
de 3D-atomaire structuur van dergelijke nanomaterialen terug te visualiseren, wordt een
geavanceerde methode op basis van hoge resolutie TEM-afbeeldingen gecombineerd met
elektronentomografie. Experimentele tests op gouden nanostaafjes valideerden de methodologie, die

verder werd toegepast op metaalhalogenide perovskiet nanokubussen.
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Tenslotte, in Hoofdstuk 8 worden de algemene conclusies van dit proefschrift gepresenteerd,

evenals een vooruitblik voor de toekomstige karakterisering van complexe nanomaterialen.
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