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Abstract
The implementation of nanomaterials into commercial products such as paints, catalysts and
pharmaceuticals is often hampered by a poor flowability, the occurrence of oxidation or limited
dispersion properties. Therefore, many efforts have been made to improve these functional properties
by the development of surface engineering techniques such as wet chemical methods, plasma
treatment and atomic layer deposition. The surface of the nanomaterial can be modified by applying a
coating, enabling one to tune and improve the properties of the nanocompounds. Often, a “soft”
coating is applied to a “hard” nanoparticle, which complicates the characterization of these soft-hard
hybrid materials. It is therefore only by finding solutions to overcome problems related to the
characterization of these nanomaterials and their coating, that we can understand and optimize the
properties of coated nanomaterials.

The main purpose of this thesis is to provide novel approaches that enable the investigation of coated
nanoparticles and soft-hard nanocomposite materials. Such studies, including the 3D characterization
of the presence and uniformity of a coating or the penetration depth of a coating in porous materials,
enables one to improve different surface engineering techniques and process parameters. Moreover,
the information following from such studies can be used to interpret optical signals and may serve as
an input for theoretical calculations. The 2D and 3D characterization in this thesis was performed by
transmission electron microscopy (TEM). Advanced sample preparation methods together with
different imaging and spectroscopic techniques were evaluated and combined in the most optimal
approaches to reach the goals in this thesis.

On the basis of the results of different studies of coated nanoparticles and soft-hard nanocomposites, it
can be concluded that the optimization of the supporting TEM grid and the use of advanced imaging
methods, such as exit wave reconstruction, have enabled the simultaneous visualization and
characterization of coated nanoparticles. In addition, methods which are often used in life sciences,

such as cryo-electron tomography, have been successfully applied to soft-hard composites in order to
investigate material science related questions. In conclusion, the characterization provided the
necessary information to link the structure to the properties of the coated nanomaterials and soft-hard
nanocomposites.
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Chapter 1
Introduction to coated nanomaterials

1
1.1

Introduction to coated nanomaterials
Nanotechnology: what is it and where is it used?

Nanotechnology is a multidisciplinary field that comprises the development and use of materials at
the nanometer scale.1 A nanomaterial is an object which has at least one dimension in the nanometer
range2, typically ranging from one to a few hundreds of nanometer. One nanometer is a billionth of a
meter, which means that one meter corresponds to 1 000 000 000 nanometer. In Figure 1.1 a length
scale is presented which illustrates the size of nanomaterials in comparison to daily life objects.

Figure 1.1: Length scale of the size range of nanomaterials in comparison to daily life objects.

Although the word ‘nano’ has become popular over the last decades, nanomaterials existed long
before one could observe them. For example, nanometer sized metallic particles have already been
used since ancient times, in particular as colorant in glass and ceramics as shown in Figure 1.2. In
medieval stained glass artisans, nanoparticles were trapped in the glass matrix. In this manner, gold,
silver and platinum nanoparticles generated red, yellow and black colours, respectively.3 Another
famous example is ‘The Lycurgus Cup’ manufactured by the Romans in the fourth century.4,5 This
cup displays a different colour depending on whether it is illuminated from the outside (opaque green)
or from the inside (translucent red), as shown in Figure 1.2b.6,7 This interesting property of the glass is
called dichroism. Dichroic glass displays two different colours for either reflected or transmitted light.
Analytical transmission electron microscopy studies revealed the presence of Ag-Au alloy
nanoparticles (Ag 0.7 Au 0.3 , diameter ~ 50 nm) in the glass.7 These alloy nanoparticles present a surface
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plasmon resonance in the green-blue region. Therefore, the glass absorbs and diffuses green-blue
light, whereas red light is transmitted.8

Figure 1.2: (a) Medieval stained glass artisans display different colours based on the nanomaterials
embedded in the glass. (b) The Lycurgus Cup appears opaque green when illuminated from the
outside. When illuminated from the inside the cup is translucent red. Figure adapted from Freestone I.
et al.6 (© The Trustees of the British Museum)

Nanotechnology is also present in nature and many plants and animals have developed interesting
properties related to the phenomena at the nanoscale. For example, geckos show excellent climbing
skills due to millions of adhesive setae on their toes (Figure 1.3). They are even able to run on vertical
and inverted surfaces due to the van der Waals forces between the spatulae and the surface. Van der
Waals forces are weak at the microscale but become significant at the nanoscale. Therefore, the
cumulative force of the millions of spatulae on a gecko foot produce a large net adhesion force.9,10
Scientists tried to imitate this mechanism in the aim to create synthetic super-adhesive gecko-like
tape.9,11

Clearly, features at the nanoscale are relevant for many technological and industrial applications.
Therefore, the investigation of nanomaterials and the understanding of their properties are highly
important.
19

Figure 1.3: Scanning electron microscopy images with increasing magnifications show the details of
the foot of a gecko. The toe of a gecko contains many rows of setae. The terminal branches of an
individual seta are called spatulae. van der Waals forces between the spatulae and the surface result in
a large adhesion force. Figure adapted from Autumn et al.10

Nanomaterials can be divided in different classes depending on the number of dimensions that are
restricted to the nanometer range. Two-dimensional (2D) materials, such as thin films, have one
dimension in the nanometer scale up to ±100 nm. The two other dimensions can be larger than 100
nm. For one-dimensional (1D) materials, such as nanowires, -tubes or –rods, two dimensions should
be restricted to the nanometer scale. Finally, when three dimensions are confined and below 100 nm,
the materials are referred to as nanoparticles (zero-dimensional, 0D). Figure 1.4 shows a schematic
representation of the different classes of nanomaterials. Specific examples of carbon based
nanomaterials of different dimensionality are shown in Figure 1.5.

Figure 1.4: Schematic representation of the different classes of nanomaterials. Depending on the
number of dimensions restricted to the nanometer scale they are classified as 2D, 1D and 0D
materials.
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Figure 1.5: Different carbon based 3D, 2D, 1D and 0D nanomaterials.

The physical and chemical properties of nanoparticles may differ greatly from the properties of the
bulk material. Moreover, most properties become dependent on the size of the nanoparticles. Precisely
these size-dependent properties make nanoparticles highly interesting.

1.2

Properties and applications of nanoparticles

Even though people are not always aware of it, nanoparticles have become a part of our daily life.
Many applications in different fields are already well established. For example, nanoparticles may be
included in automotive catalysis12, food packaging13, scratch-resistant and anti-reflection coatings14
and sport goods (rackets, balls…)15. Furthermore, zinc or titanium oxide nanoparticles are used in
sunscreen resulting in a more transparent cream which blends into the skin more easily.16 Below a few
specific applications are discussed in more detail.

Ag nanoparticles are often embedded in shoes and clothes to minimize odor. These goods are then
generally labelled ‘antibacterial’ or ‘odor-resistant’. Bad odor stems from the replication of microbes
that are generated in our body sweat. To counter bacterial growth, Ag nanoparticles can be embedded
in clothes. When the bacteria come into contact with the Ag nanoparticles, Ag ions change the
structural composition of the cell and combine with bacterial proteins. Consequently, they destabilize
and destroy the cell wall, which is illustrated in Figure 1.6. Furthermore, Ag ions interfere with the
DNA replication which stops the process of cell division. Ag nanoparticles have shown to inhibit the
21

reproduction of odor-causing bacteria.17,18 Other surfaces such as door handles19 and surgery masks20
also benefit from the incorporation of Ag nanoparticles in a similar manner.

Figure 1.6: Bacteria interact with the surface and take up Ag ions. The ions interact with the cell wall
and DNA, resulting in destruction of the cell. Figure adapted from PurThread Technologies.21

A second simplified example of illustrating applications of nanoparticles is the use of titanium oxide
(TiO 2 ) nanoparticles in self-cleaning windows.22 Here, the glass of de window is coated with a
photocatalytic coating containing TiO 2 nanoparticles. On exposure to ultraviolet (UV) light, the TiO 2
nanoparticles react and release energetic electrons. These electrons react with oxygen and moisture in
the surrounding air to form reactive hydroxyl free radicals. Dirt, which is a mix of organic
compounds, is decomposed to carbon dioxide and water upon the reaction with the hydroxyl free
radicals. The organic residues are washed away from the hydrophilic glass surface by rain. This
principle is illustrated in Figure 1.7. However, in reality, many more interactions occur. Both
electrons and holes can initiate different reactions and processes. A more extensive explanation is
given in literature.23–25
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Figure 1.7: The reaction of UV light with the TiO 2 coating enables the formation of free radicals,
which break down the organic matter (dirt). The organic residues are consequently washed by rain
from the hydrophilic surface. Figure adapted from Stark et al.22

Also in medical diagnostic tests, nanoparticles are of great use. As will be shown further in this thesis,
nanoparticles have peculiar optical properties and can e.g. change colour because of aggregation. This
principle can be used and applied in diagnostic tests such as, e.g. optically readable pregnancy tests. A
standard pregnancy test consists of an inlet for the sample and a detection window, shown in Figure
1.8. The core of the device provides all biochemical substances necessary for the test and to transport
the sample through the whole strip using capillary techniques. Two lines, a test and control line
indicate any positive result for pregnancy and the properly working of the test, respectively. Human
chorionic gonadotropin (hCG) is a hormone which is produced after fertilization and therefore an
important marker indicating pregnancy.26 When a urine sample is positioned on the sample inlet of the
pregnancy test, any hCG binds to the antibody for hCG. The antibodies for hCG are conjugated with a
signal generating nanoparticle. Very often colloidal Au nanoparticles are used as signal generating
particles due to their optical properties. The Au nanoparticles are trapped by an antibody on the test
line, resulting in the appearance of a coloured test line. On the control line, unbounded Au
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nanoparticles are trapped. Hereby, the control line shows a successful process, whereas the test line
shows the presence or absence of hCG.22,27

Figure 1.8: (a) Schematic illustration of a pregnancy test. (b-c) A urine sample is added to the sample
pad. Reactive agents and detection molecules are positioned in the conjugate pad. Antibodies which
are conjugated to the nanoparticles bind to the antigen and show a positive result. Figure adapted from
Daniel M. et al.28

The examples above show that we are constantly surrounded by nanoparticles. However, the question
what makes nanoparticles so special remains. Nanoparticles are of interest because of their size. When
the particle size decreases, the surface/volume ratio increases as demonstrated in Figure 1.9. The
contribution of surface atoms becomes larger at the nanoscale and consequently surfaces and
interfaces start to dominate and control the properties of these nanomaterials.
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Figure 1.9: Nanoparticles show a high surface to volume ratio. Considering and comparing the
surface and volume of three different cubes, it is clear that the surface/volume ratio increases when
the particle size decreases.

1.3

The need for surface modification

From the examples above, it is clear that nanoparticles have interesting properties which can be used
in many different applications. However, for some applications it might be beneficial to change the
interface between the nanoparticle and its environment. For example, the biocompatibility of gold
nanoparticles can be enhanced by encapsulating the gold nanoparticle with a polyethylene glycol
(PEG) shell.29 In addition, the presence of a coating material can protect the nanoparticle from
chemical reactions. In order to prevent iron oxide nanoparticles from possible oxidation in air and
agglomeration, they are usually coated with (in)organic molecules.30

In general, surface coatings can modify, functionalize or stabilize nanomaterials. The surface of a
particle can affect the physical and chemical properties (reactivity, solubility…) of a nanomaterial and
the compatibility with other tissues or materials.
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Coatings for nanoparticles can consist of organic (molecules, polymers) or inorganic (metals,
semiconductors) materials and are often confined to the nanoscale. Depending on the type of coating
and the deposition method, different morphologies can be obtained. In Figure 1.10, coatings in the
form of patches31, layers32 and branches33 are illustrated. Due to the wide range of the available
surface coatings, the properties of nanoparticles can be tailored for specific applications.

Figure 1.10: The coating of nanoparticles can have different morphologies such as e.g. patches,
layers and branches dependent on the type of coating and deposition method.

In particular, the combination of soft and hard materials gained increasing interest for many
applications. Both the properties of the soft material (e.g. biocompatibility or protection) and the hard
material (plasmonic, optical or magnetic properties) allow improving the general properties of the
composite material.

1.4

Soft and hard materials

Soft materials can be defined as materials that can be easily deformed by external stress such as
electromagnetic fields or thermal fluctuations. Soft materials, mainly organic materials, include
polymers, gels, foams and biological materials. In general, they are composed of light elements (e.g.
C) and they are non-crystalline. “Hard” mostly refers to radiation-hard, and concerns materials which
are often inorganic with structural rigidity, such as metals, crystalline solids, glasses and
semiconductors.
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The study of soft/hard hybrid materials can be considered as an interdisciplinary area, bridging
chemistry, biology, physics, engineering and materials science. Various combinations of soft and hard
materials may lead to the synthesis of materials with different properties and applications. According
to the type of coating, different surface modification techniques can be performed.

1.5

Methods for surface coating

Depending on the size and the type of substrate, different coating techniques are applicable. For all of
these techniques it is important to deposit the coating without affecting the functional properties of the
substrate. In this section, functionalization techniques including wet chemical methods and dry
(vapor-phase) methods are discussed in more detail.

1.5.1

Wet chemical coatings

Wet chemical coatings are applied by the direct interaction of the support and liquids containing the
coating material. Methods where the coating is applied during and after the growth of the support
material can be distinguished.

Coatings introduced during the growth of nanoparticles
One of the best known wet chemical methods is the so called seeded mediated synthesis. During this
synthesis method, active nuclei are generated, which collide and form seeds. Next, the seeds are added
to the growth solution for the nanoparticle production. The combination of precursors, surfactants and
stabilizers result in a controlled growth of nanoparticles.34,35

The functional molecules at the surface of the nanoparticles, called ‘surface ligands’, control the
interactions between the nanoparticle and the environment of the solution. For example, gold
nanoparticles are often stabilized during synthesis using cetyltrimethylammonium bromide (CTAB).35
Hereby, the long carbon tail of the CTAB molecule ensures the stability of the nanoparticles in
solution and prevents agglomeration. During synthesis, these ligands can be exchanged to achieve the
binding of application-targeted molecules.36,37 In this manner, this procedure allows to extend the
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versatility of nanoparticles. Samples functionalized with surface ligands will be investigated in
chapter 6.

An application of nanoparticles coated with surface ligands is illustrated in Figure 1.11. In this
example, gold nanocages are functionalized with the polymer poly(N-isopropylacrylamide)
(PNIPAM). PNIPAM is a thermoresponsive polymer, which means that the properties of the polymer
change according to the temperature. PNIPAM is hydrophilic and swollen at temperatures lower than
32°C, whereas the polymer is hydrophobic and collapsed at temperatures higher than 32°C. On
exposure to a near-infrared laser, the temperature of the coated gold nanocages increases,
consequently the polymer layer collapses and releases the pre-loaded drug. Turning off the laser,
result in a relaxation of the polymer chains which terminates the drug release.38

Figure 1.11: The thermoresponsive polymer PNIPAM collapses after exposure to a near-infrared
laser. The pre-loaded drug is released. Figure based on Mout et al.38
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Coatings applied after the synthesis of the support material
A few other examples of wet chemical coating methods are dip-coating, spin-coating and printing.39–41
In general, coatings deposited by dip-coating, spin-coating and printing are relatively thick
(micrometer range). Therefore, these techniques are often restricted to larger micrometer sized
substrates.

During dip-coating, the substrate is immersed in the solution of the coating material. Next the
substrate is pulled up and removed from the solution with a constant speed (Figure 1.12a). Finally, the
solvent evaporates, forming a thin coating layer. More details can be found in Brinker C. et al.42,43

When the substrate is spinning while the coating solution is deposited, the method is referred to as
spin-coating. Typically, a small amount of the coating solution is deposited on the centre of the
substrate. The substrate is then rotated at high speed in order to spread the coating material by
centrifugal force, resulting in a thin uniform coating layer (Figure 1.12b). More details can be found
in Brinker C. et al.42,43

Functional molecules/particles can also be printed on a substrate. Functional molecules can be stored
in the form of colloidal inks. The colloidal inks are deposited on a stamp. Hereby, the colloidal inks
are transferred to the targeted substrate after brief contact with the stamp (Figure 1.12c).41 Highly
porous microstructures can be used as stamps. More details can be found Ling M. et al.43

Figure 1.12: Schematics of the (a) dip-coating, (b) spin-coating and (c) printing procedures. The
figures are adapted from literature.39–41
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Some types of coating cannot be deposited using wet chemical methods. For these cases, dry surface
modification techniques might be of interest. In the next sections, two complementary techniques,
atmospheric plasma and atomic layer deposition, are discussed. The overall research domain for
atomic layer deposition and atmospheric plasma technology has been growing very fast in recent
years. However, the application of these techniques for the surface treatment of micro- or nanometer
sized particles is a new research area.

1.5.2

Plasma treatment

Plasma technology is used for the production of a wide range of materials. The functionalization of
surfaces by plasma technology may improve the adhesion, antibacterial properties, friction and
corrosion protection properties.

Usually, plasma treatment is performed in a vacuum chamber at low pressure. Air is removed and a
gas such as argon or oxygen is inserted. Energy in the form of electrical power is applied and the
plasma is formed. Plasmas are a ‘soup’ of energetic, highly reactive species (ions, electrons, radicals,
neutral atoms or molecules) that are able to interact with any surface they encounter. By selecting the
appropriate configuration and processing parameters it is possible to produce different effects upon
the surface. Plasma treatments can be used for cleaning, surface activation or deposition.

For example, polymer surfaces show poor adhesion properties due to the absence of polar functional
groups. After plasma treatment, i.e. adding polar functional groups, the surface becomes more
hydrophilic. This hydrophilicity enables binding to inks, paints and glues.44 In order to deposit a
polymer coating, monomers are introduced in the plasma. The monomers are reorganized at the
surface until they form the coating layer.

In addition to films and bulk materials such as substrates for printing, glueing and painting, also
micro- and nano-sized powders are used in a variety of applications ranging from additives in plastics
(e.g. packaging) to cosmetics and pharmaceutical products. Plasma functionalization of
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(nano)particles is not straightforward due to the high surface to volume ratio and the tendency for
agglomeration. Powders can be treated in a static45 or dynamic46 manner. The static treatment can be
performed using a parallel plate dielectric barrier discharge reactor (PlasmaZone® system45),
illustrated in Figure 1.13a. Here, the discharge is generated between two metallic high voltage
electrodes. Both electrodes are covered with a borosilicate glass plate which is used as a dielectric
medium. The sample is positioned on the bottom grounded electrode and a vacuum system is used to
hold the powder in place during the plasma treatments. The top electrode is moved with a constant
speed above the ground electrode to achieve a homogeneous coating.45

Another setup to treat powders is based on an atmospheric pressure plasma jet (Figure 1.13b). The
plasma jet reactor consists of a dielectric aluminium tube coated with a metallic layer which serves as
a high voltage electrode. The central ground electrode is positioned in the center of the dielectric tube.
Before entering the plasma zone, powder is added to a N 2 gas flow. The powder is treated in the
afterglow of the plasma where the precursor, necessary to grow the coating, is introduced. After
plasma treatment, the plasma gas is evacuated through a filter and the treated powder is collected.46
Different materials coated by a plasma treatment will be discussed in chapter 3.

Figure 1.13: (a) Schematic setup of the parallel plate plasma reactor and (b) illustration of the
modified plasma jet for the treatment of powders at VITO. Figures adapted from Trulli et al.45 and Put
et al.46
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1.5.3

Atomic layer deposition

Atomic layer deposition (ALD) is a gas-phase deposition technique. The method allows depositing
layer-by-layer thin films with an excellent control of thickness. The ALD process consists of
sequential pulses of gaseous chemical precursors. The precursor is pulsed into a vacuum chamber.
Through a self-limiting process the precursor reacts with the substrate surface. The term ‘selflimiting’ indicates that the reaction terminates once all the reactive sites on the surface are consumed.
Subsequently the chamber is purged with an inert carrier gas, typically nitrogen or argon, in order to
remove the excess of unreacted precursor and by-products. Another precursor pulse with counterreactant is applied and again the excess is removed. The film thickness depends only on the number of
reaction cycles, which makes the thickness control accurate. In this manner the desired coating is built
layer by layer until the appropriate film thickness is achieved.47 This principle is illustrated in Figure
1.14.

Figure 1.14: Illustration of the atomic layer deposition principle. A surface is exposed to a gaseous
precursor. The gas will react with the surface, forming a monolayer. Excess of precursor and formed
by-products are purged away. The monolayer is exposed to a second reactant, forming the next
monolayer. Figure adapted from the ASM International.48
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Due to the very controlled deposition, ALD has many applications in various fields such as
microelectronics49,50 and batteries51. A major advantage of ALD is that any exposed surface with the
ability to support functional groups can be coated.52 Substrates can have varying composition,
roughness or can even be porous.53,54

In addition to bulk materials, also (nanosized) powders can be functionalized using ALD. Oxides
(Al 2 O 3 , SiO 2 , TiO 2 , SnO 2 , Fe 2 O 3 ), nitrides (AlN, BN), phosphates (TiPO 4 ), and metals (Pt, Pd) can
be deposited on a wide variety of powders including metals, oxides and polymers.55 However, the
modification of particles or powder surfaces is less straightforward. Providing individual particles
with an ultrathin and conformal coating is challenging due to the large surface area of the particles
and the tendency to coalesce.

The static ALD setup, which has proven to be successful in depositing a wide variety of coatings on
bulk substrates, is only applicable to small amounts of powder. When the amount of powder
increases, the precursor gas can easily reach the top layer of the powder that will be coated, whereas
the coating thickness will decrease rapidly with increasing depth inside the powder volume. Particles
in the bulk of the powder bed will remain uncoated56 as illustrated in Figure 1.15.

Figure 1.15: Static ALD set-up for powders. (a) Small amount of powder is coated completely. (b)
When the amount of powder increases, particles in the bulk of the powder bed remain uncoated.

In order to achieve a uniform coating on powders, fluidized bed reactors were developed.57 An
upward gas flow through the powder bed prevents the powder from agglomeration. However, the
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agglomeration kinetics and particle size are varying from one powder to another which makes the
treatment of different powders not straightforward. Additionally, this setup is incompatible with
plasma generation. By using a pumptype rotary ALD reactor32,56, the particle agitation is achieved by
rotary motion and consequently a large range of particle sizes can be processed. Both, thermal and
plasma enhanced ALD can be performed. The powder is placed in a cylindrical container inside a
rotating tube (Figure 1.16). The top and bottom of the container consist of a membrane which allows
the precursor gas to flow through the container and react with the powder. The powder itself is forced
to stay in the container and due to the rotation mechanical agitation of the powder is achieved,
resulting in a conformal coating.

In this thesis, the investigation of nanoparticles treated by atomic layer deposition and plasma
treatment will be presented in Chapter 3.

Figure 1.16: Design of the rotary reactor for performing ALD on particles in the research group
CoCooN in UGent. The rotary reactor has (1) a separate inlet for reactant and precursor gas, (2) the
radiofrequency coil, (3) the tube furnace, (4) the mechanical rotation system, (5) the inlet for the inner
dielectric tube and (6) the inner dielectric tube, containing the powder. Figure adapted from
Rampelberg G. et al.32 and Longrie D. et al.56
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1.6

Characterization of coated materials

The coating or surface ligands form the interface between the nanoparticle and its external
environment. The surface can influence factors such as corrosion rates, catalytic activity, adhesive
properties, biocompatibility and wettability.58–61 Therefore, understanding the physical and chemical
interactions that occur at the interface of the nanoparticle and its coating is of great importance.
Different spectroscopic, scattering, computational and imaging techniques have been used to
characterize the surface of nanoparticles. All these methods provide complementary information
about the interface, namely information about the chemical bonds, the composition and structure of
the coating and the effective properties of the coating. In the remainder of this section, a few different
techniques are briefly discussed.

1.6.1

Spectroscopy techniques

The interaction between matter and electromagnetic radiation can be very useful to obtain information
about the chemical nature, composition and structure of coating materials. Nowadays, X-Ray
photoelectron spectroscopy, infrared spectroscopy, surface enhanced Raman spectroscopy and nuclear
magnetic resonance spectroscopy are common techniques in the investigation of coated materials.62,63

X-Ray Photoelectron Spectroscopy
One of the standard tools for surface characterization is X-Ray Photoelectron Spectroscopy (XPS),
also known as electron spectroscopy for chemical analysis (ESCA). The elemental composition, the
chemical and electronic state of the elements present within a material and the empirical formula of
the material can be determined using XPS. During a measurement, the material is irradiated with Xrays in vacuum. When an X-ray interacts with the material, energy is transferred and photoelectrons
are emitted from the surface. The kinetic energy of these emitted electrons is characteristic for the
element from which the photoelectron originated. The intensity and energy of the photoelectrons are
analysed, whereby the concentrations of the elements that are present can be determined. The energy
spectrum provides quantitative information on the chemical state.62
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Figure 1.17: Schematic drawing of a typical XPS setup with photon source, the sample, electron
optics, an energy dispersive analyzer and a detector. Typical XP spectra are shown for four different
metals with their element specific distribution of core level photoemission. Figure adapted from
Physik kondensierter Materie, Jacobs K.

For example, the investigation of the chemical nature and local chemistry of silver nanoparticles
functionalized with organic thiol allylmercaptane using XPS was previously reported.64 However,
XPS has a quite low spatial resolution (order of micrometers) which restricts the technique to obtain
quantitative information at a specific position of the nanoparticle’s surface.65

Vibrational spectroscopy
Vibrational spectroscopy includes different techniques such as infrared (IR) and Raman spectroscopy.
These techniques are based on a change in vibrational modes of molecules. Molecules consist of
atoms which are connected by chemical bonds. As a result, the position of the atoms is defined by
translations, rotations and vibrations (e.g. stretching, bending and rocking). The frequencies of these
molecular vibrations depend on the masses of the atoms, their geometric arrangement and the strength
of their chemical bonds.66,67 Since every chemical bond has a unique vibrational energy, these
vibrational spectroscopy techniques provide a “fingerprint” of a particular molecule.
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IR and Raman spectroscopy are complementary since they both study the interaction of radiation with
molecular vibrations, but differ in the manner how the photon energy is transferred to the molecule by
changing the vibrational state.66 Vibration modes which result in changes in the dipole moment of a
molecule are detectable by IR, whereas vibration modes which result in a change in polarizability can
be observed by Raman spectroscopy.

When light interacts with molecules, the light can be absorbed and scattered elastically or
inelastically. Infrared spectroscopy is based on the absorption of infrared light. An infrared
spectrometer analyses a compound by passing infrared radiation over a range of different frequencies.
When the frequency of the radiation matches the vibrational frequency of the molecule, the radiation
will be absorbed and consequently the amplitude of the molecular vibration will be changed. This
absorption is measured by the spectrometer.68 Typically, a spectrum with the percentage of
transmittance against wavenumber is obtained.

For example, the infrared spectra of polyvinylpyrrolidone (PVP) encapsulated Ag nanoparticles and
pure PVP were compared in order to investigate the binding between the Ag nanoparticle and the
polymer.69 In the spectra, shown in Figure 1.18, it is observed that the stretching vibration peak of
C=O at 1661 cm−1 has only a small change in size and no change in position. However, the stretching
vibration peaks of C–N, originally at 1026 and 1076 cm−1 in pure PVP, were strengthened and red
shifted to 1046 and 1088 cm−1. These changes indicated that the coordination between N atoms and
silver nanoparticles was strong, whereas between O atoms and silver nanoparticles the coordination
was relatively weaker. This result further proved that the N atom in PVP molecules was the primary
factor to coordinate with silver nanoparticles and form the protection layer.69
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Figure 1.18: IR spectra of the pure PVP and PVP-encapsulated silver nanoparticles. The red shift
observed for the C-N vibration peaks indicated the strong coordination between N atoms and silver
nanoparticles. Figure adapted from Zhang Z. et al.69

Surface enhanced Raman spectroscopy (SERS) is another powerful vibrational spectroscopy
technique.70 Besides absorption, the light can also be scattered elastically or inelastically when light
interacts with molecules. Elastic scattering, in which the energy of the incoming photon is preserved,
is known as Rayleigh scattering and is the dominant process in light-molecule interactions. However,
it is also possible that the incoming photon is scattered inelastically, which is known as Raman
scattering. Incident photons gain or lose energy after the light-molecule interaction, which means that
the scattered signal is shifted in frequency. The different scattering processes are illustrated in Figure
1.19. After interaction of a monochromatic light beam with a specific frequency 𝝎𝝎𝒊𝒊 with a molecule,
elastic and inelastic (signal shifted by 𝝎𝝎𝒔𝒔 ) scattering can be observed. Within Raman scattering two
cases can be distinguished: Stokes (𝝎𝝎𝒊𝒊 − 𝝎𝝎𝒔𝒔 ) and Anti-Stokes (𝝎𝝎𝒊𝒊 + 𝝎𝝎𝒔𝒔 ) scattering.70,71
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Figure 1.19: Schematic representation of the different scattering processes during the interaction of
light with a molecule. The schematic diagram represents the energy transitions involved in the
Rayleigh and Raman scattering. Figures adapted from La Porte71 and Moura et al.72

A specific molecular or lattice vibration corresponds to a peak in the Raman spectrum. The peak
position shows the specific vibrational mode of each molecular functional group included in the
material. The substance concentration is proportional to the integration of the peak whereas the width
of the peak gives information about the crystallinity of the material. In Figure 1.20 a Raman spectrum
is shown for nylon. In this study, polarized light is used to evaluate the orientation of the chains.
When the polarization of the laser light was parallel (horizontal), the peaks corresponding to C-C and
CH 2 are strong. For perpendicular polarization, the C=O and NH peaks are strong instead.

Figure 1.20: Raman spectrum of nylon. The orientation of the bonds is investigated using polarized
light. Figure adapted from Nanophoton website.63
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Unfortunately, Raman scattering is a weak effect. A possible method to amplify the Raman signals is
the use of surface-enhanced Raman scattering (SERS). When metal surfaces (typically gold or silver)
are exposed and illuminated using a laser, a highly localized plasmonic field is generated.
Consequently, a large enhancement in the Raman signal can be observed when a molecule is absorbed
or lies close to the enhanced field at the metallic surface. Because the Raman signal is then improved
by several orders of magnitude, it is possible to detect low concentrations of molecules without the
need of any fluorescent labelling.

Nuclear magnetic resonance spectroscopy
Nuclear magnetic resonance (NMR) spectroscopy can be used to characterize the coating layer around
nanoparticles based on NMR fingerprints of spin-active nuclei. Generally, nuclei with an odd mass or
odd atomic number such as 1H, 13C or 31P have a nuclear spin, similar to an electron.

1

H and

13

C have nuclear spins of ½. The nucleus is positively charged which develops a magnetic

field while rotating. Without the presence of an external magnetic field, the orientation of the spins is
random. When an external magnetic field is applied the spins will align parallel to the applied field.
This is illustrated in Figure 1.21.

Figure 1.21: (a) Without magnetic field the spin of the nuclei is randomly oriented. (b) In the
presence of an external magnetic field H 0 , the nuclei align parallel to the applied field.
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However, the rotational axis of the spinning nucleus is not exactly parallel (or anti-parallel) with the
direction of the applied field. Therefore, the nucleus makes a precession movement. If the sample,
placed in the magnetic field, is irradiated with radio frequency waves at the same frequency as the
precession frequency, a NMR spectrum can be obtained (Figure 1.22).

Figure 1.22: Precession of a nucleus in a magnetic field. After irradiation with a specific frequency a
NMR spectrum can be obtained. Figure adapted from the JEOL website.73

The positions of the peaks in the spectrum give information about the structure of the molecules. The
molecular dynamics are represented by the relaxation time and the signal intensity contains
quantitative information, e.g. proportions/ratios of different compounds in a solution/molecule.
Despite the high reproducibility, sensitivity and non-destructive analysis, not all type of nanoparticles
can be investigated using NMR in a straightforward manner. For example, problems occur during the
investigation of ferromagnetic materials. The ferromagnetic particles will create a local dipole
magnetic field, resulting in a broadening of the NMR lines.74

For example, the morphology of mixed ligands on nanoparticles can be investigated.75

1

H NMR

spectra of Au nanoparticles coated with different concentrations of dodecanethiol (DDT), 3,7Dimethyloctanethiol (DMOT) and diphenyl thiol (DPT) are shown in Figure 1.23. Figure 1.23a shows
that the broad peak gradually shifts when the fraction of DMOT is increased. This chemical shift is
the result of how two ligands arrange on the nanoparticle surface. For randomly mixed ligands a linear
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dependence of the peak position is expected. For Janus (half coated) nanoparticles the dependence
becomes 1/𝑥𝑥 , whereas for striped nanoparticles a sigmoidal curve is observed (Figure 1.23d-f).

Based on the shape of the chemical shift curves, the ligand shell morphology of mixed ligands can be
identified. 75

Figure 1.23: 1H NMR spectra of (a) randomly mixed nanoparticles, (b) Janus nanoparticles and (c)
striped nanoparticles. The corresponding chemical shifts of 1H NMR as a function of alkanethiol
percentage for randomly mixed, Janus and striped nanoparticles, respectively. Figure adapted from
Liu X. et al.75

1.6.2

Techniques based on scattering and diffraction

Electrons in a material have the possibility to scatter incoming radiation. The radiation, e.g. visible
light, is then forced to deviate from a straight trajectory. Scattering and diffraction techniques are able
to provide information about the particle size, shape, structure and defects. Different techniques and
their applications are discussed: laser diffraction, dynamic light scattering, X-ray diffraction and
small-angle X-ray scattering.
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Laser diffraction
Laser diffraction is a widely used technique to investigate the particle size in an ensemble of particles
for materials ranging from hundreds of nanometer up to several millimeter in size. When a laser beam
passes through a dispersion of particles, the light is scattered by the particles. Large particles,
typically > 20 μm, scatter light at small angles relative to the laser beam and with higher intensity,
whereas small particles scatter light at larger angles with lower intensity in comparison to large
particles. This variety in angular scattering intensity is used to calculate the size of the particles.

In Figure 1.24, the diffraction pattern for 5 μm sized particles shows a strong center and very sharp
rings over a range of angles. Light is scattered around the edges of the particles by diffraction or
passed through the solution. The diffracted light is recombined to form an interference pattern. For
particles with smaller sizes, in this example 800 nm, the scattering is more diffuse. Fraunhofer (larger
particles, diameter at least about 40 times the wavelength of the light) or Mie scattering (smaller
particles) theory can be used to determine the diameter.76

5 μm

800 nm

Figure 1.24: Diffraction patterns from a laser diffraction analysis, showing more diffuse scattering for
smaller particles. Figure adapted from Malvern Panalytical.76
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Dynamic light scattering
Dynamic light scattering (DLS) can be used to investigate the thickness of coatings and to determine
the size distribution of small particles in suspension. When a monochromatic laser light hits the
particles in the fluid, the light scatters in all directions (Rayleigh scattering). Due to the Brownian
motion, particles suspended in a fluid will move randomly. Hereby, time-dependent fluctuations in the
scattering intensity will be observed. This means that the distance between the particles in the solution
is constantly changing with time. These fluctuations of the scattered light are detected at a known
scattering angle by a fast photon detector, illustrated in Figure 1.25a. The digital autocorrelator then
correlates these intensity fluctuations of scattered light with respect to time in order to determine how
rapidly the intensity fluctuates, which is related to the diffusion behaviour of the particles/molecules.
By the extraction of the diffusion coefficient, also the hydrodynamic radius for spherical nanoparticles
can be estimated.77,78

Figure 1.25b shows the result of a DLS experiment of gold nanoparticles coated with polyethylene
glycol. An average size is measured for the as prepared sample and citrate capped gold nanoparticles.
After applying a PEG coating, a shift of the DLS peak is observed. This indicates a successful PEG
functionalization of the gold nanoparticles. However, a disadvantage of this technique is that only
transparent samples can be investigated. Moreover, spherical particles are expected in the calculation
of the diameter. For a sphere, the shape can unambiguously be described, whereas the size of nonspherical particles results in more challenges. In addition, aggregation of particles in the solution can
influence the result.78
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Figure 1.25: (a) Experimental set-up of DLS and (b) DLS of gold nanoparticles coated with
polyethylene glycol (PEG). Figure adapted from Lim et al.79

Also other different techniques, such as

light scattering by a rotating disk80, centrifugal

sedimentation81 and ultrasonic spectroscopy can be used to determine the particle size82.83

X-ray diffraction
Suppose that a beam of X-rays (electromagnetic waves with a wavelength much shorter than that of
visible light) is incident at an angle 𝜃𝜃 on a plane of atoms. Most of the X-rays are transmitted through

the plane, but also a fraction of the wave may be reflected by the plane of atoms. A crystal does not
consist of a single plane of atoms but of many parallel planes. When the X-rays pass through the
crystal, the net reflection becomes the superposition of the waves reflected by each atomic plane.
Depending on the angle of incidence, the reflected waves can interfere constructively or destructively.
The reflected waves that interfere constructively produce a strong reflection in the diffraction pattern.
Constructive interference is obtained when the Bragg law:

2 𝑑𝑑 sin 𝜃𝜃 = 𝑛𝑛 𝜆𝜆

( 1.1 )

is fulfilled. Where 𝑑𝑑 is the interplanar spacing, 𝑛𝑛 is a positive integer and λ is the wavelength of the
incident wave. A schematic representation of the Bragg law is given in Figure 1.26.
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Figure 1.26: Schematic representation of the Bragg law. Two parallel beams are deflected and
interfere constructively when the path difference is equal to an integer multiple of the wavelength.

In the case of micrometer or nanometer sized powders, different grains of the powder are irradiated
simultaneously by a monochromatic incident beam. Because of the completely random orientations of
the grains, the incident beam will scatter in different directions. A large amount of grains is
considered, such that all the different orientations are expected to be present. When the scattered
waves interfere constructively, an intense peak is observed in the spectrum.84 Using X-ray diffraction,
the structure of the powder can be investigated.85 For example, the coating of boron nitride powder
with nickel was demonstrated using X-ray diffraction.86

Small-angle X-ray scattering
Small-angle X-ray scattering (SAXS) can be used to obtain information about the surface, the particle
shape and the particle distribution. Conceptually, a SAXS experiment is based on the illumination of
the sample by X-rays (narrow beam, small angles) and the scattered radiation is registered by a
detector (Figure 1.27). The pattern of the scattered X-rays carries information on the molecular
structure of the material.87 Figure 1.28 shows the scattering curves of gold nanoparticles in monomer
and dimer solution. SAXS is capable of detecting the presence of the interacting species, e.g. dimethyl
suberimidate. Consequently, the presence of monomers or dimers can be observed based on the
scattering intensities.88 Moreover, SAXS is an established method for the dimensional
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characterization of objects in the nanometer range. Averaged diameters and consequently the
thickness of coatings can be determined.

Figure 1.27: Schematic representation of the SAXS experimental set-up. Figure adapted from Allec
N. et al.88

Figure 1.28: Scattering intensity of a gold nanoparticle monomer and dimer solution after
background subtraction. SAXS is capable of detecting the presence of the interacting species
(dimethyl suberimidate). Figure adapted from Allec N. et al.88
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1.6.3

Thermal analysis

Thermal analysis of coatings involves measuring the response of a material when introduced to a
thermal stimulus. The measured responses include for example melting, crystallization, evaporation,
degradation, as well as physical properties such as the elastic moduli. These responses are very
helpful in the development and characterization of applications for a wide range of coatings.

Thermogravimetric analysis
Thermogravimetric analysis (TGA) is a technique in which the mass of a sample is monitored as a
function of the temperature under gaseous conditions. The sample weight changes as it is heated or
cooled, e.g. due to decomposition, oxidation or dehydration. In this manner, for example the amount
of polymer on the surface of iron oxide nanoparticles was investigated.89 In the absence of a polymer
coating, the weight loss is less than 4%, as indicated in Figure 1.29, which is attributed to the
desorption of water at the surface. For polymer, poly[(oligoethylene glycol) methyl ether acrylate]
(poly(OEG-A)), coated iron oxide nanoparticles, this weight loss is much more substantial, ranging
from 10% - 60%. The weight loss can be correlated to the number of polymer chains to determine the
grafting density.

Figure 1.29: TGA analysis of iron oxide nanoparticles (8 nm) coated with poly(OEG-A) having
varying molecular weights. Figure adapted from Boyer C. et al.89
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Differential Scanning Calorimetry
Differential Scanning Calorimetry (DSC) is a thermal analysis instrument that measures how physical
properties of a sample change along with temperature against time.90 It measures how the heat flow
produced in a sample changes when it is heated, cooled or held isothermally. The sample can undergo
phase transitions, such as melting, glass transitions, phase changes and curing, during heating or
cooling. Differential scanning calorimeters are able to measure the amount of heat absorbed or
released during such transitions by observing the difference in heat flow between the sample of
interest and a reference sample (identical setup apart from the sample to be analysed).91

1.6.4

Imaging techniques

All the techniques described above are based on many particles in a solution or an average of different
grains. These techniques retrieve global information and are not able to provide local information
about the surface and interface of the nanoparticles. The use of imaging techniques enables us to
recover local information from the nanoparticles. For example, electron microscopy has shown to be a
very suitable technique to visualize and characterize nanomaterials opening possibilities to investigate
the (3D) morphology of the nanoparticles as well as their chemical composition and atomic structure.
Consequently, we are able to obtain a better understanding of the structure-to-properties connection.
In chapter 2, the use of electron microscopy and the extension towards three-dimensional
characterization using electron tomography is extensively described.

In general, the visualization and characterization of either soft or hard materials is performed using
different electron microscopy techniques due to their different properties. In Table 1, a few typical
properties and techniques to investigate soft and hard materials are summarized. Since these
properties and techniques are very different for both types of materials, it is clear that the
simultaneous visualization and characterization of composites of soft and hard materials is not
straightforward. In this thesis, the sample preparation, acquisition and reconstruction techniques are
optimized for systems containing both soft and hard materials. In this manner I will be able to
characterize coated nanoparticles and soft-hard composites in 3D.
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Table 1: Properties and typical techniques used to investigate soft and hard materials. Clearly, these
properties are very different for both types of materials.
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1.7

Outline and motivation of this thesis

During the last years, nanomaterials have become part of our daily life. Nanoparticles are used in
many applications in different fields due to their unique properties and size. When the particle size
decreases, the contribution of surface atoms becomes larger which makes the surface a dominant
player in many physical and chemical processes. Surface coatings can modify, functionalize or
stabilize nanomaterials which result in improved and targeted properties and applications. In order to
understand the structure-properties relation, it is important to visualize and characterize the coated
materials and their interface at the nanometer scale and below. Such studies are far from
straightforward because our goals become even more challenging when hard and soft materials are
combined, as soft and hard materials have different properties.

The analysis techniques that are commonly used for the characterization of coatings and surface
ligands, such as spectroscopic and scattering techniques, are not able to visualize coatings on single
nanoparticles. Therefore, electron microscopy was performed. However, conventional electron
microscopy characterization techniques are often focussed on one type of material, either soft or hard.
Soft or biological materials such as polymers and proteins are often characterized using cryogenic
techniques and bright field transmission electron microscopy, whereas hard materials such as metals
are typically investigated using scanning transmission electron microscopy after drop casting on a
TEM grid. In this thesis, I developed optimized techniques to allow simultaneous visualization and
characterization of the soft and hard composite materials. The soft materials are very sensitive
towards the electron beam and consequently limit the use of more advanced techniques, such as e.g.
EDX. Therefore, 3D investigation and high resolution imaging was only possible using dose efficient
techniques. It is only through the development of these optimised techniques and careful
interpretation that I was able to investigate different soft-hard materials systems and their interface.
The information that I obtained is of great importance for the optimization of synthesis methods, the
evaluation of different coating processes and to obtain fundamental knowledge about the driving
forces behind growth mechanisms and self-assembly.
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This first chapter presented an introduction to coated nanomaterials. The importance of
nanotechnology and the use of nanomaterials were discussed. The need for surface modification was
introduced and different methods to apply a coating and to characterize coated materials were
considered. Chapter 2 continues with an introduction to electron microscopy. The motivation, a short
historical overview and different imaging techniques are presented. The second part of this chapter is
devoted to electron tomography and the importance of a 3D characterization. In the last part, cryo
electron tomography is introduced. The remainder of the thesis is divided in two main parts. Part one
is devoted to the investigation of coated nanoparticles, whereas the second part presents the 2D and
3D investigation of different soft-hard systems.

In the first part consisting of chapters 3-6, studies of a variety of coated nanoparticles will be
presented. In chapter 3, a 3D characterization of micrometer sized particles with nanometer sized
coatings is performed. The materials are coated to improve their properties, such as the flowability or
dispersibility, in order to facilitate their implementation into commercial products, e.g. paints and
pharmaceuticals. Coatings deposited by atomic layer deposition and plasma treatment are
investigated. These materials are synthesized in the framework of a collaboration funded by Strategic
Initiative Materials in Flanders (SIM) between the research group CoCooN at University of Gent, the
Flemish Institute for Technological Research VITO and EMAT at University of Antwerp. The aim of
the FUNC project is to create a scientific and technological knowledge platform for
nanofunctionalization of particles and fibrous materials. Emerging technologies such as atmospheric
plasma and atomic layer deposition are used to control the surface modification of particulate
materials and characterization methods to quantify the surface modification. A wide range of
materials in terms of size (nano- and micrometer size), material type (inorganic, organic) and structure
(dense, porous) are covered and compared in terms of the presence, thickness, uniformity and
penetration depth of the coating using electron microscopy. The characterization of micrometer sized
particles with nanometer sized coatings is challenging due to the very different sizes of the substrate
versus the coating. In chapter 4, nanoparticles encapsulated by nanometer sized soft materials are
presented. Challenges to visualize soft and hard materials simultaneously in 2D and 3D are discussed
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based on silver-polymer core-shell nanoparticles. Bright field TEM will be used to visualize the coreshell nanoparticles. Tomography experiments showed the presence of a complete coverage by the
polymer shell. Moreover, the influence of the soft coating on the optical properties is investigated
using electron energy loss spectroscopy. However, bright field TEM and conventional
characterization methods cannot always be applied successfully. For example, if we want to
investigate nanoparticles coated by different polymers, further optimization of the sample preparation,
imaging and characterization techniques is necessary. In chapter 5, gold nanoparticles coated by two
different polymers, in a “Janus” configuration, are investigated. In order to distinguish the different
polymers and to define their positions in 3D, dedicated sample preparation techniques based on
staining and a careful 3D interpretation are required. In chapter 6, the characterization of surface
ligands is investigated using exit wave reconstruction in the attempt to visualize ligands at the surface
of nanoparticles at the atomic scale. The investigation of these ligands is extremely challenging due to
the high sensitivity towards the electron beam and the lack of contrast. To improve the contrast, the
supporting TEM grid will be optimized, whereas the degradation or any damage to the surfactant
molecules will be avoided by the optimization of the acquisition method. The reconstruction of the
exit wave, and consequently the recovery of the phase, enabled the investigation of the atomic
structure of gold nanoparticles coated by polymers and surface ligands. I strongly believe that a
characterization of these surface ligands might unravel the driving forces behind the growth and
assembly formation of nanoparticles.

In the second part corresponding to chapters 7-8, different soft-hard composites are investigated. In
chapter 7, it is illustrated that the presence of a supporting grid might influence the structure of the
material. In this chapter, cryo electron tomography, a technique that is often used for life sciences but
less in the field of materials science, is explored and applied to the different material composites in
order to minimize the damage to the material. First, gold nanorods decorated protein fibrils are
investigated using cryo electron tomography to avoid the collapse of the soft-hard structures in the
presence of a substrate. The observed 3D helicity of the nanorods resulted in strong optical signals
which can be used for biomedical sensing. Finally, in chapter 8, the assembly/disassembly process of
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gold nanoparticles confined within a silica shell is investigated in 3D. Dependent on the solution
composition, in which the capsules are stored, the gold nanoparticles might rearrange. The spatial
distribution of the gold nanoparticles is investigated by electron tomography. Different sample
preparation strategies will be considered to avoid deformations caused during drying the solution on
the TEM grid.
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Chapter 2
Introduction to electron microscopy
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2
2.1

Introduction to electron microscopy
Need for electron microscopy

In order to understand the structure-property connection of coated nanoparticles and soft-hard
composites, a visualization and characterization at the nanometer scale is required. The resolution of
an optical instrument is defined as the ability to distinguish separate objects placed close to each other
and is limited by the wavelength of the radiation source used. According to Abbe’s law92 the
resolution 𝑑𝑑 is given by the following equation

𝑑𝑑 =

𝜆𝜆
2 𝑁𝑁𝑁𝑁

( 2.1 )

with 𝜆𝜆 being the wavelength of the radiation source, for visible light this is 400-700 nm, and 𝑁𝑁𝑁𝑁 the

numerical aperture of the objective lens. The numerical aperture of the objective is a measure for the
ability to collect light and resolve specimen details at a fixed object distance. The numerical aperture
depends on the refractive index of the medium and the angle which represent half of the angle of the
aperture used. It is difficult to obtain numerical aperture values above 0.95 using dry objectives.
Using oil immersion objectives, a maximum numerical aperture of 1.4 can be obtained.93 In practice,
it means that the resolution of an optical microscope is limited to approximately 300 nm.94 In the first
chapter, we defined nanoparticles as particles which have their three dimensions restricted to less than
100 nm. The limit of 300 nm is well above this nanometer regime and therefore alternative radiation
sources should be considered.

Electrons are charged particles and can be deflected by electromagnetic lenses. Moreover, in 1924
Louis de Broglie stated that the wavelength of accelerated electrons depends on their energy:
𝜆𝜆 =

ℎ

�2𝑚𝑚0 𝐸𝐸 �1 +

𝐸𝐸
�
2 𝑚𝑚0 𝑐𝑐 2

( 2.2 )

With 𝜆𝜆 the wavelength, ℎ is Planck’s constant, 𝑚𝑚0 is the rest mass of an electron, 𝐸𝐸 the energy, and 𝑐𝑐

the speed of light. In a conventional TEM, electrons are accelerated by high acceleration voltages of
60-300 kV. As a result, the electron wavelength is approximately 2-4 pm which is about 100 000
times smaller in comparison to the visible light.95
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However, aberrations of the electromagnetic lenses in the microscope restrict the practical resolution.
An ideal lens is expected to image a single point source as a point. Glass lenses for light microscopy
are fabricated to have minimal aberrations. Any remaining aberrations can be eliminated by
combining convex and concave lenses. In 1936, Scherzer showed that this is not possible for round
magnetic lenses.96 Consequently, the presence of spherical and chromatic aberrations are
unavoidable.97

Spherical aberrations are observed when the focal points of rays far from the principal axis of a
spherical lens are different from the focal points of rays of the same wavelength passing near the axis.
This is illustrated in Figure 2.1a. Chromatic aberrations occur when different colours (wavelengths)
are focused differently. For example, violet rays are refracted more than red rays (Figure 2.1b),
resulting in a mismatch at the focal point.

Figure 2.1: Schematic representation of (a) spherical and (b) chromatic aberration. Figure adapted
from Serway J. et al.98

2.2

A brief history

In 1931, Ernst Ruska built the first transmission electron microscope based on the same principles as
those of the optical microscope99 but instead of visible light he used accelerated electrons and the
glass lenses were replaced by electromagnetic lenses. Later, Ernst Ruska obtained the Nobel Prize for
his fundamental work in electron optics and for the design of the first electron microscope. Together
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with Max Knoll, he demonstrated magnification of a simple object using two magnetic lenses. During
the next years the set-up was improved and in 1933 they had no problem proving a resolution of 50
nm. However, many types of materials were burnt under the electron beam and the interest of
scientists faded away. Ladislaus Marton found a way to avoid burning of the sample by impregnating
biological materials with osmium, which has a high melting point.100 He published the first-ever
electron microscope image of a biological sample, namely from a section of a Drosera intermedia
leaf100 and the interest of industry to build a commercial instrument was rekindled. In 1939, Siemens
and Halske promoted the first commercial electron microscope. After the Second World War, the
technology of the electron microscope improved very fast and the real success of electron microscopy
started. Physicists, biologists, chemists, material scientists and engineers became interested in the
developments and applications. From that moment, many attempts to improve the resolution had been
made. In 1956, Menter impressed the scientific community by the visualization of the (2 0 -1) planes
(11.94 Å) of copper and platinum phthalocyanine crystals.101,102 Moreover he could directly observe
lattice imperfections with a resolution of about 1 nm. This triggered a new world of research based on
defect studies towards the atomic scale. Between the 1980s and the 1990s, the resolution improved
steadily. Commercial instruments could approach 0.1 nm resolution around the turn of the century and
that seemed to be the limit due to aberrations, mainly spherical and chromatic aberrations of the
electromagnetic lenses. However, the introduction of spherical-aberration-corrected lenses in 1998
was a breakthrough.103 The use of multipole lenses made further improvement in terms of resolution
possible.104 The obtainable spatial resolution limit nowadays lies at around 50 pm which opens new
avenues in the characterization of materials.105 For example atomic-resolution electron tomography,
has shown to be able to retrieve the 3D atomic structure of a nanoparticle.106,107 Such information is
necessary to understand the relationship between the atomic structure (e.g. coordinates, any presence
of strain) and the physicochemical properties of nanomaterials.106–108 Although this atomic resolution
electron microscopy is extremely valuable, the execution of the experiments under ultra-high vacuum
conditions at room temperature is a fundamental limitation. Therefore, it is not surprising that a lot of
effort has been devoted nowadays to the development of in situ TEM techniques.109–111
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2.3

The build-up of a TEM

Typically, the TEM can be divided into three main components: the illumination system, the objective
lens/stage and the imaging system. The illumination system consists of the gun and the condenser
lenses. The electrons are generated by the electron source, which can be either a thermionic gun
(especially used earlier) or a field emission gun (FEG) which is mainly used nowadays. The generated
electron beam passes through a set of condenser lenses, which demagnify the source and project it
onto the sample. Typically, a condenser aperture is present in order to eliminate high angle electrons,
reduce aberrations and define the beam convergence angle. Beam tilt and shift coils as well as
scanning and stigmator coils complete the illumination system. Next, the electron beam interacts with
the specimen. The specimen is mounted in a dedicated sample holder and is positioned in between the
pole pieces of the objective lens. In Figure 2.2, the schematic representation of objective lens in the
electron microscope is simplified. In fact, the specimen holder is located in between objective lens.
The back focal plane (BFP) of the objective lens is located very close to the sample plane. In this
BFP, an objective aperture can be placed to reduce lens aberrations and to select different spots of the
diffraction pattern in order to enhance the diffraction contrast in the real space image. On the other
hand, a selected area diffraction aperture (SAD) is located in the image plane. This aperture is used to
extract local information of a specific region of the sample. The main function of the objective lens is
to focus the electrons, coming from the exit surface of the specimen, into a diffraction pattern in the
back focal plane. Then the electrons are recombined in order to form a magnified image in the image
plane. Also here, stigmators are present. Astigmatism occurs when the magnetic field of the lens is not
symmetrical. Stigmators can apply a correcting field in the required direction to compensate for the
asymmetry. Finally, the imaging system consists of several lenses, called the intermediate and
projector lenses. They are combined in order to generate either a magnified image of the sample in
real space or in reciprocal space, the diffraction pattern. This image can be visualized using a
fluorescent screen and stored using a charge-coupled device (CCD). The main parts of the electron
microscope are illustrated in a simplified scheme in Figure 2.2.
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Figure 2.2: Schematic overview of the electron ray diagram for bright field transmission electron
microscopy.

2.4

Interaction beam-specimen

When the electron beam interacts with the sample, a wide variety of signals can be formed. Since
electrons correspond to low-mass, negatively charged particles, they can be deflected by passing close
to other electrons or the positive nucleus of an atom. Transmitted electrons can be either elastically or
inelastically scattered.

When an electron passes through the electron cloud of an atom it can be attracted by the positive
potential of the nucleus (Coulomb interaction). Consequently its path is deflected towards the core.
This is called elastic scattering. The closer the electrons come towards the core, the stronger the
scattering and the larger the scattering angle. Dependent on the size of the scattering angle and the
shape of the probe different imaging modes techniques can be applied. Electrons scattered to low
angles (< 10 mrad) are used for bright field TEM and electron diffraction, whereas electrons scattered
at higher angles (> 50 mrad) are used in so-called high angle annular dark field scanning transmission
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electron microscopy (HAADF-STEM).95 In some cases, even complete backscattering can occur
(backscattered electrons).

Besides elastic scattering, also inelastic scatting occurs. Here energy is transferred from the electron
beam to the atoms of the sample by producing secondary electrons, phonons, cathode-luminescence or
ionization of atoms. This results in different types of signals such as X-rays, Auger and secondary
electrons, plasmons, phonons and cathode-luminescence. These signals can be investigated using
specific detectors in the electron microscope.

2.5

Imaging modes in a TEM

As discussed before, the interaction between the electron beam and the specimen results in different
signals which are used in to different TEM techniques. Using these different TEM techniques
information about the morphology, structure and chemical composition can be obtained. In this part of
the chapter, a short description of the different techniques is presented together with an overview and
some examples of the information we can obtain using these techniques.

2.5.1

Bright field TEM imaging

In Bright Field TEM (BF-TEM) imaging, the lenses of the condenser system are adjusted such that
the specimen is illuminated by a parallel beam of electrons. In this imaging mode, mainly the
elastically scattered electrons contribute to the image formation. The contrast originates from different
mechanisms. One of them is mass-thickness contrast. Heavy atoms interact stronger with electrons
than light atoms, thus if the thickness is homogeneous, areas containing heavy atoms appear with
darker contrast in the image than areas with light atoms. Scattered electrons are deflected from the
optical axis, hereby they are blocked by the objective aperture and the corresponding areas appear
dark in the bright field TEM image. On the other hand also more electrons will be scattered in thicker
areas. A thick area with light elements might have the same contrast as a thinner area with heavier
atoms. When the sample is crystalline, diffraction contrast is dominant. Electrons scatter according to
Bragg’s law:
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𝜆𝜆 = 2𝑑𝑑 sin 𝜃𝜃

( 2.3 )

with 𝜆𝜆 the wavelength of the incoming electrons, 𝑑𝑑 the inter-planar spacing of the atomic planes and 𝜃𝜃

the angle of the incident electrons with respect to the lattice planes. Constructive or destructive
interference may occur depending on the angle 𝜃𝜃 between the electron beam and the lattice planes. In

a bright-field TEM image, the area where diffraction takes place loses its image intensity and will
appear darker. For poly-crystalline samples, grains with different crystal orientation will appear with
different intensities in the BF-TEM image. Contrast enhancement can be obtained by inserting an
objective aperture in the back focal plane of the objective lens.

2.5.2

High resolution transmission electron microscopy

High-resolution transmission electron microscope (HRTEM) is a powerful imaging technique for
obtaining structural information at the atomic scale. However, the interpretation of such images is not
straightforward. In general, a HRTEM image is not a simple projection of the structure. After
interaction of the electron beam with the specimen, diffracted beams interfere with each other and
with the transmitted beam, resulting in a complex interference pattern. As a consequence, the contrast
in the image is dependent on the phase of the various beams. The image formation is discussed in
more detail in chapter 6.

After interaction with the sample, the electron wave at the exit plane of the specimen (exit-wave)
contains all the structural information (specimen thickness and atomic positions) about the specimen.
Ideally, the electron microscope transfers this exit-wave via the lenses towards the CCD camera
leaving the exit-wave unchanged. However, the electromagnetic lenses are imperfect and the exit
wave is distorted by the lens aberrations of the image forming lenses. Therefore, a straightforward
correspondence between the imaged object and the recorded HRTEM image cannot be assured. Also,
HRTEM imaging is hampered by the fact that only the intensity (i.e. the square of the amplitude) of
the electron wave can be recorded (equation 2.4). Consequently the phase information, an essential
part of the electron wave is lost.
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𝐼𝐼(𝑹𝑹) = |Φ(𝑹𝑹)|2

( 2.4 )

To overcome these uncertainties, a through focus series can be acquired, which allows the
reconstruction of the electron exit wave function: amplitude and phase. This technique will be
discussed in more detail in chapter 6.

2.5.3

Scanning transmission electron microscopy

In contrast to BFTEM and HRTEM where a parallel electron beam is used, scanning transmission
electron microscopy (STEM) makes use of a fine probe (<< 1 nm). This probe is scanned across the
sample using deflection coils. The image formation mechanism is different compared to TEM. Here,
the signal is generated at the position of the beam and for every pixel, the number of electrons
scattered to a specific angular range is detected using an annular detector. The inner and outer angles
can be adjusted by adapting the physical camera length at which the annular detector is positioned.
Using a long camera length, Annular Dark Field STEM (ADF-STEM) collects the electrons scattered
in a range of 10 to 50 mrad. When a small camera length is used, electrons scattered to high angles (>
50 mrad) are collected and the technique is called High Angle Annular Dark Field STEM (HAADFSTEM). In this manner, electrons which are not Bragg scattered are detected and diffraction contrast
is minimized. For this regime, electron scattering is dominated by Rutherford scattering.
Consequently, the HAADF-signal is proportional to the thickness and 𝑍𝑍 𝑛𝑛 with 𝑍𝑍 the atomic number

and 1.6 < 𝑛𝑛 < 2, of the elements under investigation and the thickness of the sample and thus the
recorded signal amplifies elemental differences112. In Figure 2.4 a BF-TEM and HAADF-STEM
image of a Au nanostar are shown.
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Figure 2.3: Schematic overview of the microscope setup for STEM imaging.

Figure 2.4: (a) BF-TEM and (b) HAADF-STEM image of a gold nanostar.

2.5.4

Energy dispersive X-ray spectroscopy

Energy Dispersive X-ray spectroscopy (EDX) is an analytical technique used for the elemental
analysis and chemical characterization of a material. The atoms in the specimen contain ground state
electrons which are present in discrete energy shells bounded to the nucleus. When the incident
electron beam interacts with the specimen, electrons from the inner shells can be excited and ejected
from these shells, creating an electron hole at their former position. This hole can be occupied by an
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electron from a higher energy shell, which is energetically more favourable (Figure 2.5). Hereby, an
X-ray will be emitted with the difference energy. The energies of these X-rays are characteristic for
the element involved in producing the X-ray photon. Also, the primary beam electrons can be slowed
down by the electric field surrounding the nuclei of the atoms in the specimen which result in
Bremsstrahlung. This Bremsstrahlung X-rays results in a continuous background in the X-ray
spectrum. Using an energy dispersive spectrometer, the number of emitted X-rays and their energy
can be measured. The obtained X-ray spectrum is a superposition of the characteristic X-rays and the
Bremsstrahlung and can be used for chemical characterization.

Figure 2.5: Schematic overview of the setup of the EDX detector in a TEM and the principle of X-ray
generation.

By combining this technique with STEM imaging, for each pixel of the STEM image an EDX
spectrum is recorded and detailed 2D chemical elemental maps can be obtained, as illustrated in
Figure 2.6 where a particle of mesoporous silica (SBA15) coated by TiO 2 is imaged. When the
particle is oriented with the pore opening towards the electron detector, the presence of the TiO 2
coating inside the pores is clearly visible.
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Figure 2.6: Energy dispersive X-ray spectroscopy elemental maps show the presence of Si, Ti and O
for a flake of mesoporous silica coated by TiO 2 .

2.5.5

Electron energy loss spectroscopy

Electron Energy Loss Spectroscopy (EELS) in the transmission electron microscope is an extremely
powerful characterization tool, offering information about elemental composition, chemical bonds,
optical properties and vibrational modes. Incoming electrons in a TEM can lose part of their energy
due to interaction with the specimen. After interaction, the electrons are deflected by a magnetic prism
(Figure 2.7). This prism bends the inelastically scattered electrons and disperses them according to
their different kinetic energies. However, most electrons will not suffer from any inelastic scattering.
The greatest contribution to the spectrum is due to the elastically scattered electrons, giving rise to the
so-called zero-loss peak (ZLP). The full width half maximum of the ZLP can be used to determine the
energy resolution during the experiment. The energy distribution of all scattered electrons leads to a
spectrum which can be recorded using a CCD camera. This energy distribution provides information
about the local environment of the electrons which in turn relates to the physical and chemical
properties of the specimen.113
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Figure 2.7: Illustration of the EELS spectrometer. The scattered electrons are directed into a magnetic
field in de EELS spectrometer. Consequently the electrons are dispersed based on their energy and a
spectrum can be recorded.

Typically, three different regions on the recorded spectrum can be distinguished: the zero-loss, lowloss (2-50 eV) and core-loss region (>50 eV). The low-loss region yields information on the plasmon
oscillation of the valence electrons in the sample while the core-loss region of the spectrum contains
information on the electron-electron interaction from the inner shells. To obtain information in the
low-loss region, close to the ZLP, a good energy resolution is necessary. The energy resolution can be
improved by the use of a monochromator.

2.6

Introduction to electron tomography

Different developments within the field of TEM and STEM enable the investigation of nanomaterials
up to the atomic scale. Not only structural knowledge but also chemical information can be obtained.
However, the majority of these techniques is used to record two-dimensional (2D) projections of
three-dimensional (3D) structures. The information about the specimen in the direction of the beam is
lost, which can be very misleading as illustrated in Figure 2.8. In this figure it is shown that different
67

objects can have a similar projection image, whereas their 3D morphology is completely different. In
order to understand the relationship between the structure of materials and their physical properties, it
is necessary to explore and restore the 3D structure of a specimen from a series of 2D micrographs.
This technique is called “electron tomography”.

Figure 2.8: Conventional micrographs are 2D projections of a 3D object. This information can be
very misleading since the same projection image can be obtained from different 3D objects.

2.6.1

Description of electron tomography

In an electron tomography experiment, a tilt series of projection images is acquired over an angular
range (as large as possible) with tilt increments of typically 1° or 2°. Next, these images are aligned
with respect to a common tilt axis in order to eliminate relative shifts between the successive images.
Based on this aligned series, a 3D reconstruction is calculated using a mathematical algorithm (Figure
2.9).
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Figure 2.9: During an electron tomography experiment, a tilt series is acquired over a large angular
range with certain tilt increments. The series of projections is aligned and reconstructed to a 3D
volume.

2.6.2

History of electron tomography

In 1917, the mathematician Johan Radon formulated the projection theory for reconstruction
methods.114 However, the first demonstration of a practical application of Radon’s theory didn’t occur
until 1957. Ronald Bracewell used Radon’s theory in order to reconstruct 2D radio astronomy data
from 1D line integrals.95,115 Later in 1963, Cormack proposed the idea of an X-ray scanner for medical
imaging.116 Afterwards Hounsfield built the first scanner allowing 3D reconstructions of the human
body in 1971.117 Cormack and Hounsfield are awarded the Nobel Prize for Medicine in 1979 for their
developments. Around 1968, the first examples of the use of electron tomography were published.
Rosier and Klug determined the structure of helical symmetric macromolecules118, Hoppe et al.
demonstrated that with a sufficient amount of projections it is possible to reconstruct asymmetrical
systems119 and Hart demonstrated methods to improve the signal-to-noise ratio using more
projections.120 A number of 3D biological structures were reconstructed using BF-TEM images. In
contrast to the development of electron tomography in life sciences, the adoption of electron
tomography towards materials science took considerably longer. Around the turn of the century, 3D
results for strongly scattering crystalline objects were obtained by HAADF-STEM and BF-TEM.
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Nowadays electron tomography has been applied to many different materials classes in combination
with different techniques such as EDX, EELS and holography.121–123

2.7

Tomography in practice

In practice the electron tomography experiment can be divided in different steps: from acquisition
towards visualization and characterization.

2.7.1

Acquisition of the tilt series

The acquisition of a tilt series from an object of interest is the first step in any tomography
experiment. The imaging mode used for tomography should meet the so-called projection
requirement, which states that the intensity in the projected images should be a monotonic function of
a certain property of the sample under investigation.124 It is important to understand this requirement
and the artefacts that may arise if this requirement is not fulfilled.
For biological materials and non-crystalline inorganic systems, the use of BF-TEM is appropriate
because mass-thickness contrast is dominant and satisfies the projection requirement. However,
different challenges remain. First, biological materials generally consist of light atoms (e.g. H, C, N
and O) and produce low contrast in BF-TEM images, which can be difficult to detect above the
background noise.125 Moreover, the structure of biological materials is often sensitive towards the
electron beam which hampers the acquisition of a tomography series. Taking into account these
challenges by adjusting the sample preparation techniques (e.g. staining or fixation), 3D structures
from a single macromolecule up to a whole cell could be retrieved.126–128 Unlike biological materials,
samples in physical science are often crystalline and produce consequently diffraction contrast.
Therefore, there is no longer a monotonic relation between the intensity in the projected images and
the thickness of the sample, which implicates that the projection requirement is no longer fulfilled
when using BF-TEM. Therefore, during 3D studies of crystalline samples are often performed using
HAADF-STEM images to overcome this problem.
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Techniques for BF-TEM tomography for biological materials and HAADF-STEM tomography for
materials science are well developed. The question remains how to treat hybrid materials, which
incorporate both hard and soft materials, such as polymer/metal interfaces. One of the aims in this
thesis is to visualize and characterize such systems by using a combination of techniques from both
biological and physical sciences.

Practical aspects during the acquisition of a tilt series
Prior to the acquisition of the tilt series, the height of the specimen is adjusted to the eucentric
position. This is the center of the objective lens. TEMs use this reference position for magnification,
camera length and correct focus. Moreover, when the sample height is set at the eucentric position, the
specimen can be tilted around its axis while the movement of the specimen across the projection
screen is reduced during tilting.

The most commonly used acquisition technique in electron tomography is based on the single-axis tilt
scheme. Hereby, 2D projections are acquired over a tilt range with a constant tilt increment of
typically 1° or 2°. Ideally, the specimen is tilted over ± 90°, but since the specimen holder is placed
between the limited space of the upper and lower pole pieces of the objective lens, this is impossible
using a conventional holder. The tilt range is restricted to mostly ±40° for a regular specimen holder
and ±80° for a dedicated tomography holder (Figure 2.10).

Figure 2.10: Pictures of (a) FEI double tilt holder and (b) the Fischione 2020 tomography holder.
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This limited tilt range leads to a gap of missing information (Figure 2.11), the so-called ‘missing
wedge’ and will result in artefacts in the final reconstruction. For example, blurring and elongation
along the direction of the optical axis can be observed. Figure 2.12 illustrates the effect of the missing
wedge for the reconstruction of the Shepp-Logan phantom using a limited amount of projections.

Figure 2.11: Representation of sampled frequencies in Fourier space for a linear single-axis tilt
scheme. Projections are acquired over a wide range, typically ±80°. The gap of missing information is
called the missing wedge.

Figure 2.12: Effect of the missing wedge for the Shepp-Logan phantom129. The tilt range is indicated
in the figures. The final reconstruction is blurred and elongated.

In the past, different approaches have been considered in order to reduce the missing wedge artefacts.
One of them is “dual tilt axis acquisition”,130,131 during which two tilt series of the same object are
acquired. The second tilt axis is chosen perpendicular to the tilt axis of the first tilt series. In this
manner the missing wedge is reduced to a missing pyramid in Fourier space. However, acquiring two
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tilt series of the same object is not always possible due to the longer total exposure time. The
development of a dedicated on-axis tomography holder enabled to acquire over a full tilt range of ±
90° using a needle-shaped sample prepared by focused ion beam (FIB).132 Here, no missing wedge is
present and the artefacts are eliminated. However, the sample preparation to obtain needle-shaped
samples is only possible for specific sample types.

2.7.2

Alignment of the tilt series

Although sample movement is reduced as much as possible during the acquisition by adjusting the
specimen height to the eucentric position, an additional alignment procedure after the reconstruction
is always applied. Remaining xy-shifts are further reduced either by manual alignment (e.g. using
IMOD133 software) or by using cross-correlation algorithms between two consecutive images
implemented in e.g. Inspect3D.134 The cross correlation image, which is illustrated in Figure 2.13c,
corresponds to the inverse Fourier transform of the product of the Fourier transform of image A and
the complex conjugate of the Fourier transform of image B. The position of the maximum intensity
peak in the cross correlation image corresponds to the relative shift between the two projections. A
band-pass filter and morphological filter can be applied in order to make the peak sharper. In a second
step, the direction of the tilt axis is estimated. The direction of the tilt axis is adjusted in order to
correspond to the experimental tilt axis. The tilt axis is rotated and shifted to minimize the arc-shaped
artefacts in the reconstruction (Figure 2.14).
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Figure 2.13: The position of the maximum intensity in the cross correlation image (C), obtained by
the acquired projections at different tilt angles in (A) and (B), shows the relative shift between them.
Usually, different filters are used in order to enhance the features in the projections, (D) and (E). In
this manner a sharper maximum in the resulting cross correlation image (F) is obtained.

Figure 2.14: Illustration of the effect of misalignment of the tilt axis for the gold nanostar shown in
Figure 2.4. In the middle image, the tilt axis is properly aligned and the artefacts are minimized. In the
left image, the tilt axis is shifted -40 pixels, whereas in the right image the tilt axis is shifted +40
pixels in comparison to the correct tilt axis. When the tilt axis is misaligned, arc-shaped artefacts are
observed.
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2.7.3

Reconstruction of the 3D object

Once the tilt series is aligned, it can be used as an input for a mathematical algorithm to obtain a 3D
reconstruction. In this section, first the theory behind tomography reconstruction is discussed.
Afterwards different reconstruction algorithms are presented.

2.7.3.1

Theory behind tomography

The theory of projection was first formulated by the mathematician Johan Radon114 in 1917. Radon’s
theory describes how an object in real space 𝑓𝑓(𝑥𝑥, 𝑦𝑦) can be described by a line integral through all
possible lines L through that object:

𝑅𝑅𝑅𝑅 = 𝐹𝐹(𝑡𝑡, 𝜃𝜃) = � 𝑓𝑓(𝑥𝑥, 𝑦𝑦)𝑑𝑑𝑑𝑑

( 2.5 )

𝐿𝐿

where 𝑑𝑑𝑑𝑑 is the unit length of 𝐿𝐿. The Radon transform 𝑅𝑅 converts an object in Cartesian coordinates

(𝑥𝑥, 𝑦𝑦) into an object in Radon coordinates (𝑡𝑡, 𝜃𝜃). The (𝑡𝑡, 𝜃𝜃)-coordinates represent the projection angle
𝜃𝜃 and the distance 𝑡𝑡 of the projection line from the origin (Figure 2.15).

Figure 2.15: Schematic illustration of the Radon transform. The object and its projection F(t,𝜽𝜽) is
given for a certain projection angle 𝜽𝜽.
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The Radon transform converts a point into a sine curve. For this reason the Radon space image is
called a ‘sinogram’ (Figure 2.16).

Figure 2.16: Top: Image of a sphere and its Radon transform. Bottom: Image the Shepp-Logan
phantom (set of multiple objects) and its Radon transform.

By calculating the inverse Radon transform of the projections, the object 𝑓𝑓(𝑥𝑥, 𝑦𝑦) can be reconstructed.

However, the inverse Radon transform is an integral transform, which is based on recording
projections over the continuum of angles. In practice, a discrete number of projections is acquired

Therefore any reverse transform will be imperfect. The effects of limited sampling can by described
using the ‘projection slice theorem’. This theorem states that a projection of an object at an angle is
mathematically identical to a section through the Fourier transform of that object at the same angle.95
The Fourier slice theorem is illustrated in Figure 2.17.
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Figure 2.17: Illustration of the Fourier slice theorem. A projection at a certain angle at the spatial
domain corresponds to a central section through the Fourier transform of that object (slice in Fourier
domain).

When a 2D object 𝑓𝑓(𝑥𝑥, 𝑦𝑦) and its projections along the 𝑦𝑦 direction are considered, the projection
through the 2D object can be described as:

+∞

𝑝𝑝(𝑥𝑥) = � 𝑓𝑓(𝑥𝑥, 𝑦𝑦) 𝑑𝑑𝑑𝑑

( 2.6 )

−∞

The Fourier transform of the object 𝑓𝑓(𝑥𝑥, 𝑦𝑦) is defined:
+∞ +∞

𝐹𝐹(𝑢𝑢, 𝑣𝑣) = �

� 𝑓𝑓(𝑥𝑥, 𝑦𝑦) 𝑒𝑒 −2𝜋𝜋𝜋𝜋(𝑥𝑥𝑥𝑥+𝑦𝑦𝑦𝑦) 𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑

( 2.7 )

−∞ − ∞

The slice perpendicular to the projection direction through this Fourier transform is then given by:
+∞

+∞

𝐹𝐹(𝑢𝑢, 0) = � � � 𝑓𝑓(𝑥𝑥, 𝑦𝑦)𝑑𝑑𝑑𝑑� 𝑒𝑒 −2𝜋𝜋𝜋𝜋(𝑥𝑥𝑥𝑥) 𝑑𝑑𝑑𝑑
−∞

+∞

( 2.8 )

−∞

= � 𝑝𝑝(𝑥𝑥)𝑒𝑒 −2𝜋𝜋𝜋𝜋(𝑥𝑥𝑥𝑥) 𝑑𝑑𝑑𝑑

( 2.9 )

−∞

This represents the Fourier transform of the projection 𝑝𝑝(𝑥𝑥).

77

Each projection gives information about the object in Fourier space in a particular direction. By
acquiring projections at many angles, the whole object can be described in Fourier space and in real
space by calculating the inverse Fourier transform. Hereby, the Fourier slice theorem suggests a
potential method for tomographic reconstruction: by simply summing the projections in Fourier space
at the corresponding angles and applying an inverse Fourier transform, the object can be retrieved.

Note that the mathematical principles are explained by considering a 2D object and its 1D projection.
The extension towards a 3D object is straightforward since a 3D object can be considered as a set of
independent 2D slices.

2.7.3.2

Different reconstruction techniques

Back projection
When a 2D projection image is back projected through a volume at the corresponding angle, this leads
to a set of rays with varying intensity which crosses the volume. If this back projection is repeated
along different directions, an increase in total intensity will be observed where more rays cross. If
sufficient back projections are combined, the density distribution of the original object can be
restored. This is illustrated for a single sphere and the Shepp-Logan phantom in Figure 2.18.

Figure 2.18: Illustration of the back projection using different amount of projections for (a) a single
dot and (b) an object consisting of different shapes.
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The Fourier slice theorem states that each projection is a central section through the 3D Fourier space.
This means that a tilt series will sample this Fourier space unevenly with greater sampling close to the
center and less sampling at the borders. This results in an over-sampling of the low frequencies and an
under-sampling of the high frequencies (Figure 2.19). Consequently, a blurred reconstruction is
obtained (Figure 2.18). This oversampling can be compensated by using a weighting filter.

Figure 2.19: Low frequencies are oversampled in the Fourier space due to the radial acquisition
geometry. This is illustrated by the closely packed dots in the centre.

Weighted back projection
The weighted back projection or filtered back projection technique is an analytical reconstruction
technique which compensates for the blurring in real space due to an uneven sampling in Fourier
space (Figure 2.19). The acquired projection images are convoluted with a weighting filter and
afterwards projected according their projection angle. Figure 2.20 shows different possible filters,
represented in the frequency and spatial domain. Most commonly used weighting filters are Hamming
or Hann filters95,117. The negative regions, visible in the spatial domain, counteract the blurring effect
which originates from the back projection.
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Figure 2.20: Weighting filters such as a ramp, Hann or Hamming filter can be used in order to
compensate the oversampling at the lower frequencies. (a) Filters represented in frequency domain.
(b) Filters represented in spatial domain. Figure adapted from Rigaud et al.135

Iterative reconstruction techniques
Often, the use of (weighted) back projection is less favourable since a high sampling of the object is
required. Iterative reconstruction techniques can offer a significant gain in reconstruction fidelity.136
These techniques are based on the simple premise that a re-projection of the reconstructed object back
along the original projection angle should be identical to the original image.137 The two most popular
iterative techniques are the algebraic reconstruction technique (ART) and simultaneous iterative
reconstruction technique (SIRT). In ART the reconstruction is compared with a single projection. In
this direction the correction is performed. Afterwards another projection with different orientation is
considered. Instead with SIRT, all the projections from different orientations are compared
simultaneously. A schematic representation of the SIRT is summarized in Figure 2.21. The SIRT
reconstruction starts from an initial reconstruction obtained by the back projection algorithm. This
reconstructed volume is projected along the original tilt directions, which result in a set of forward
projections. The forward projections are all compared simultaneously with the original experimental
projection images. The difference or ratio is calculated in respectively additive or multiplicative SIRT
resulting in difference projections. The difference reconstruction can be obtained by back projection
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and is added or multiplied to the previous reconstruction. The process is repeated in an iterative loop
until convergence is reached. For this final reconstruction the difference between the re-projections
and the original projections is minimized. In practice, SIRT tends to be more stable computationally
than ART when images are noisy.105

Figure 2.21: Schematic representation of the additive SIRT algorithm, indicating the iterative loop in
which re-projections are compared to the original projections.

Recently, also more advanced algorithms are developed using prior knowledge such as Discrete
Algebraic Reconstruction Technique (DART)138,139 and Total Variation Minimization (TVM)140. The
DART algorithm assumes that there are only a limited number of materials, i.e. a discrete number of
grey values present in the reconstruction. Actually, the DART algorithm segments the reconstruction
during the iterative process, which enables a directly quantifiable reconstruction. The TVM
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reconstruction algorithm is developed based on compressed sensing. In this method the prior
knowledge that the boundary of the specimen is sparse in the reconstruction in used.

2.7.4

Visualization of the reconstructed volume

During the final step of an electron tomography experiment, the 3D reconstruction should be
visualized and interpreted. Information about the internal structure can be retrieved from the 3D
reconstructed object. The 3D reconstruction corresponds to a stack of 2D slices. It is therefore
possible to visualize 2D slices through the reconstructed object which are called ‘orthoslices’. The
visualization of orthoslices is an objective way of visualizing the reconstruction, since no parameter or
threshold has to be defined. In order to visualize the 3D reconstructed object often the isosurface
(Figure 2.22a) or voltex rendering (Figure 2.22b) is used. The isosurface is obtained by connecting all
voxels which have a similar grey value. In this manner the surface of the object is visualized. The
underlying principle of the voltex rendering is based on the emission and absorption of light that
pertains to every voxel of the volume. The algorithm simulates the light rays through the volume from
a given intensity, colour and transparency.

Figure 2.22: (a) Isosurface and (b) voltex rendering of Au nanostar. (c) Slices through the
reconstruction enable the investigation of the interior.
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2.8

Introduction to cryo electron tomography

Cryo-EM is a technique to image radiation-sensitive specimens in their native or liquid state using a
transmission electron microscope under cryogenic conditions. In 2017, Jacques Dubochet, Joachim
Frank and Richard Henderson were awarded with the ‘Nobel Prize in Chemistry’ for their
contribution to the development of this technique.141 In biology, this approach is well established with
applications that span a wide spectrum, ranging from imaging tissue sections, cells, bacteria, viruses
and protein molecules.128 In materials science, especially for soft-hard material systems, only a few
applications such as the study of nanoparticle transmigration into liposomes142, the characterization of
the initial stages of crystal nucleation143 and the visualization of volume transitions in polymers144 can
be found.

When using cryo-EM, the samples are embedded in a thin layer of vitreous ice and therefore no direct
supporting layer is present. Ideally, the vitreous ice layer does not contain any ice crystals and is
consequently transparent to the electron beam. During investigation, the sample is cooled at liquid
nitrogen temperature. In this manner, the sample is more resistant to radiation damage and it enables
studying the sample in its vitrified state. Several preparation techniques145, such as vitrification,
plunge freezing and high pressure freezing, are available to obtain a thin amorphous layer of ice in
which the specimen is embedded. For example, plunge freezing will preserve and stabilize the
aqueous specimen before it is placed in the high vacuum of the TEM. This approach is based on the
following steps.

First, a Cu TEM holey carbon grid is placed in a plasma cleaner (Fischione plasma cleaner model
1070). Radicals in the Ar-O 2 plasma react with the surface of the substrate which becomes
hydrophilic. Consequently, when the liquid is placed on the grid, it will spread evenly across the
surface of the TEM grid. Next, the grid is positioned in a humidity-controlled plunge freezer
(Vitrobot). A droplet of the sample solution is deposited on the hydrophilic TEM grid (Figure 2.23b)
and the excess fluid is blotted away by pressing two filter papers against the grid (Figure 2.23c). In
this manner, a high surface-to-volume ratio is obtained, which ensures a fast heat exchange through
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the solution. Then, the grid is frozen by very fast immersion into the cryogen (Figure 2.23d). One of
the most commonly used cryogens is liquid ethane. Ethane has a high thermal conductivity which is
necessary to transfer the heat out of the specimen quickly.146 Consequently, the sample is embedded in
a thin layer of vitreous ice (Figure 2.23e). Due to the instantaneous transfer for the sample from fluid
to solid, any artefacts originating from drying can be avoided. After the grid is plunged into the
cryogen, it is transferred into liquid nitrogen to the electron microscope using a dedicated cryospecimen holder.

Figure 2.23: Scheme of the plunge-freezing process. (a-b) A droplet of the solution is deposited on a
hydrophilic grid. (c) During the blotting process, the excess of solution is removed. (d) Afterwards,
the grid is plunged in liquid ethane. The grid is transferred into a larger container filled with liquid
nitrogen for storage.

In cryo electron microscopy, two techniques to obtain three-dimensional information can be
distinguished. Perhaps the most commonly used variant in biology is single-particle analysis. Here,
data from a large number of 2D projection images, featuring identical copies of a material in different
orientations, is combined to generate a 3D reconstruction of the structure.128 Using statistical
techniques the images can be sorted based on variations in their structural features. Similar images are
then averaged to obtain images with much higher signal-to-noise ratio. A sufficiently large number of
images should be acquired in order to encompass a wide range of orientations relative to the electron
beam. The 3D reconstruction is build based on the Fourier slice theorem.128,147
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Another method, similar to the method used in electron tomography for materials science, is the
acquisition of a tilt series. The acquisition of a tilt series results in a higher electron dose for the
specimen in comparison to a single acquisition in single-particle analysis. In a cryo tomography
experiment, the electron dose should be sufficiently large to produce images with enough detail to
enable accurate alignment for the reconstruction. On the other hand, the dose should be minimized to
avoid damage to the specimen and decomposition of water in the sample.148 It should be noted that the
thickness of the vitreous ice layer increases at higher tilt angles. Therefore it is necessary to apply a
higher electron dose at higher tilt angles to maintain the same signal-to-noise ratio. The exposure time
is therefore increased at higher tilt angles.
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Part 1
Coated nanoparticles
Nanomaterials are often coated to tune and improve their properties. Depending on the size and the
composition of the particles as well as the thickness and composition of the coating, different
challenges occur during characterization. In this part I will demonstrate how the combination of
advanced sample preparation techniques and optimized imaging electron microscopy techniques
enables a 3D characterization of coated nanoparticles over a broad size range.
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Chapter 3
3D characterization of micrometer sized
particles with nanometer sized coatings
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This chapter is based on:
Trulli M. G., Claes N., Pype J., Bals S., Baert K., Terryn H., Sardella E., Favia P. and Vanhulsel A.,
Deposition of aminosilane coatings on porous Al 2 O 3 microspheres by means of dielectric barrier
discharges, Plasma Process Polymers, 14, 9 (2017), 1600211.

The investigated materials are coated in the framework of a collaboration between the research group
CoCooN at University of Gent, the Flemish Institute for Technological Research VITO and EMAT at
University of Antwerp within the FUNC project, part of the SIM (Strategic Initiative Materials in
Flanders) initiative. Atomic layer deposition is performed by CoCooN at the University of Gent. The
plasma treatments are performed at VITO. I was responsible for the TEM acquisition and analysis.
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3
3.1

3D characterization of micrometer sized particles with nanometer sized coatings
Introduction

To facilitate the implementation of particles into commercial products (e.g. paints, pigments and
pharmaceuticals), their properties in terms of processability, such as dispersibility, flowability,
adhesion and corrosion protection, should be improved. For example, a poor flowability can influence
the quality of the product in terms of weight and content uniformity.149–151 In pharmaceutical
industries, a weight variation caused by bad flow properties, would lead to variations in content of
drug for each pill152, which should be obviously avoided.

To improve the properties of particles, surface modification is often a crucial step to tune the
interactions between the particles and their environment. The modification of the surface can reduce
attraction forces, such as electrostatic and molecular interactions, resulting in better flow properties.153
In addition, a thin coating layer can act as an oxidation barrier.58 Moreover, the modification of the
chemistry at the surface of particles can change the dispersion properties of particles46, which is
illustrated in Figure 3.1.

Figure 3.1: Polyethylene particles before (left) and after (right) incorporation of nitrogen at the
surface by plasma treatment. Figure adapted from Put S. et al.46

The degree of improvement of the properties of the particles is determined by the quality of the
coating. The presence of a conformal coating, which is uniform and pinhole-free, is necessary for a
full protection of powders or other materials. For porous powders, surface modification is not
restricted to the outer surface of the particles since also the pore wall can be coated. The pore wall
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composition can determine the properties (e.g. hydrophobicity, hydrophilicity), but a reduced pore
size may also hinder agglomerates in catalytic reactions.154–156 To understand and link the structure of
the material and the properties, it is important to characterize the presence and uniformity of the
coating at the nanometer scale.

In this chapter, micrometer sized particles with a nanometer size coating are investigated by electron
microscopy. Due to the highly different sizes of the particle versus their coatings, more advanced
sample preparation techniques are required to simultaneously visualize and characterize both
components. Based on different studies in this thesis, the importance of the uniformity and penetration
depth of the coating is illustrated.

3.2

Investigated materials and applied techniques for surface modification

In this chapter, polyamide 12, [(CH 2 ) 11 C(O)NH] n , and ceramic aluminium oxide microspheres,
modified by the use of atmospheric plasma technology and atomic layer deposition, are investigated.
Polyamide 12, also called nylon 12, is a polymer built from monomers consisting of a straight-chain
structure with amide groups and 12 carbon atoms in its unit.157 The surface of polyamide 12 particles
was modified using plasma treatment and atomic layer deposition to improve the flowability of the
particles. The uniformity of SiO 2 and Al 2 O 3 deposited coatings was compared.

For the ceramic aluminium oxide microspheres, dense and porous aluminium oxide microspheres
were investigated. The porous structure makes the particles widely applicable as filters or catalysts
carriers. Here, the coating obtained from a pure plasma process (SiO 2 coating by atmospheric plasma
treatment) was compared with a thermal process (TiO 2 coating by atomic layer deposition). The
different coating methods were compared in terms of the presence, thickness, uniformity and
penetration depth of the coating. In Table 2, the investigated materials and the performed coating
techniques are summarized.
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Polyamide

Aluminium oxide
microspheres

PLASMA

ALD

PLASMA

ALD

SiO 2

Al 2 O 3

SiO 2

TiO 2

SiO 2
Table 2: Overview of the investigated materials and performed coating treatments.

3.3

Challenges for characterization by TEM

Obtaining an efficient coating in a fast manner is required in the view of up-scaling processes for
many different applications. Therefore knowledge about the efficiency of the applied coating is
necessary to change and improve the coating process. By measuring the presence, thickness,
uniformity and penetration depth of the coating, the efficiency of the different coating methods can be
evaluated. However, the investigation of micrometer sized particles with a nanometer sized coating is
far from straightforward. Different challenges are encountered, including the simultaneous
visualization of the coating and the substrate, the 3D characterization and the determination of the
uniformity and the penetration depth of the coating. For example, optimized sample preparation
techniques are required to enable the investigation of the uniformity and the penetration depth of the
coating. It is moreover very challenging to select the appropriate imaging technique.

In general, materials with a size in the nanometer range are investigated using transmission electron
microscopy. However, when the particle size increases towards the micrometer range, particles
become too big to investigate using TEM. Therefore, materials with a size in the micrometer scale are
often investigated using scanning electron microscopy (SEM). When using SEM, a focused electron
beam is scanned over the sample. The electron beam interacts with the sample, producing secondary
or backscattered electrons which carry information about the surface topography and composition. For
example, if we want to investigate the penetration depth of the coating, this information about the
topography of the particle is not sufficient. Here, we will use more advanced sample preparation
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techniques, such as ultramicrotomy and focused ion beam to prepare thin samples out of the
micrometer sized materials, which enables to investigate the uniformity and penetration depth of the
coating in TEM.

3.4

Improvement of the flowability of polyamide powder

Micrometer sized polyamide 12 (PA12) particles are coated and investigated in order to improve the
flow properties of the powder. Here, the deposition of a SiO 2 and Al 2 O 3 coatings obtained by
atmospheric plasma and atomic layer deposition will be compared. The presence and the uniformity
of the coating will be investigated in 3D. Since the particles had a size of ~5 μm, they could be
directly observed in TEM and no further sample preparation was applied. The powder was dispersed

in ethanol and drop casted on a TEM grid. HAADF-STEM images, shown in Figure 3.2 and Figure
3.3, show the presence of a thin layer at the surface of the particles coated by atmospheric plasma and
atomic layer deposition, respectively. For the particles coated by atmospheric plasma treatment, an
average coating thickness of (22 ± 7) nm was measured. The coating thickness was determined by the
measurement of line profiles. In addition, at certain positions, an agglomeration of coating material
was observed, as indicated in Figure 3.2. The origin of these patches is unknown. The patches were
not observed for not coated particles, so it is expected that these positions with an increased amount of
coating originate from mechanical instabilities in the reactor during the plasma treatment. For the
particles coated by ALD, the size distribution shows an average coating thickness of (10.4 ± 0.7) nm.
In comparison to the particles coated by plasma treatment, the ALD coating was more uniform.
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Figure 3.2: HAADF-STEM images of polyamide 12 powder coated by atmospheric plasma show a
bright layer at the surface of the particles, corresponding to the SiO 2 coating. At certain positions an
increased amount of coating material was observed, as indicated by the arrow. The size distribution
shows an average coating thickness of (22 ± 7) nm.

Figure 3.3: A bright layer at the surface of the PA12 particles coated by ALD, corresponding to the
SiO 2 coating, is observed in the HAADF-STEM images of the coated polyamide powder. The size
distribution shows an average coating thickness of (10.4 ± 0.7) nm.

EDX measurements of polyamide particles coated by SiO 2 using an atmospheric plasma treatment
(precursor 3-aminopropyltriethoxysilane, APEO) and by SiO 2 using plasma enhanced atomic layer
deposition (precursor bis(diethylamino)silane BDEAS/O 2 plasma) are shown in Figure 3.4 and Figure
3.5. The elemental maps show the presence of Si and O at the surface of the particle. This indicates
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that the applied methods for surface modification were successful and resulted in a SiO 2 coating
around the particle.

Figure 3.4: EDX elemental maps of a polyamide 12 particle coated by SiO 2 using an atmospheric
plasma treatment. The irregularities containing Al were also present in the blanco sample, e.g. prior to
the plasma treatment.

Figure 3.5: EDX elemental maps of a polyamide 12 particle coated by SiO 2 using a plasma enhanced
atomic layer deposition treatment. The irregularities containing Al were also present in the blanco
sample, e.g. prior to the plasma treatment.
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To evaluate the presence of the coating in 3D, electron tomography was performed. HAADF-STEM
projections were acquired from -50° to +72° with a tilt increment of 2° for the plasma treated sample.
The particle coated by ALD was tilted from -62° to +78° with a tilt increment of 2°. The tilt range was
rather limited due to the micrometer size of the particle. At high tilt angles, the shadow of the grid
restricted further tilting. The images were used as input for the SIRT reconstruction. A visualization
of the reconstructions is shown in Figure 3.6. The slices through the reconstructed objects show the
presence of the coating in 3D. In the ZX and XY slices, artefacts due to the limited tilt range and
missing wedge were observed. For particles coated by atmospheric plasma, the coating layer was
absent at a few positions in the YZ slices, which is free from missing wedge artefacts, as indicated by
the arrows in Figure 3.6.

Figure 3.6: Reconstructed volumes of PA12 coated by (a) atmospheric plasma and (b) plasma
enhanced atomic layer deposition. Slices in different orientations through the reconstructed volume
are shown. The bright layer, visible in the slices through the reconstruction, corresponds to the
coating. For the particle coated by atmospheric plasma, a few positions without coating are observed
(indicated by arrow).
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The atmospheric plasma treatment and plasma enhanced atomic layer deposition methods were also
compared with a pure thermal ALD treatment. Hereby, the polyamide powder is coated by Al 2 O 3
(precursor trimethylaluminium TMA/H 2 O). HAADF-STEM images and EDX elemental maps,
illustrated in Figure 3.7, show that the presence of an Al 2 O 3 coating. An average coating thickness of
(35.1 ± 2.7) nm was measured. Electron tomography was performed to investigate the uniformity of
the coating in 3D. HAADF-STEM images were acquired from -72° to 68°, with a tilt increment of 2°.
The images were used as input for the SIRT reconstruction. The obtained 3D volume is presented in
Figure 3.8. Similar to the SiO 2 coating, the bright layer in the slices through the reconstruction
corresponds to the Al 2 O 3 layer and is present at the surface of the complete particle. In the ZX and
XY direction, there is some missing information due to the missing wedge and the limited tilt range.
The black spots in the orthoslices represent voids in the particle.

Figure 3.7: HAADF-STEM images and corresponding EDX elemental maps of PA12 particles coated
by Al 2 O 3 using ALD. The bright layer around the particle in the HAADF-STEM image corresponds
to the Al 2 O 3 coating.
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Figure 3.8: Reconstructed 3D volume of a PA12 particle coated by ALD and slices through the object
in different orientations. The bright layer, which is present around the complete particle, in the slices
through the reconstruction corresponds to the Al 2 O 3 layer. The black spots in the orthoslices represent
voids in the material.

Based on the TEM analysis, the presence and the uniformity of the coating could be evaluated and
compared for different coating treatments. The SiO 2 coating, obtained by atmospheric plasma
appeared to have the lowest uniformity and coverage rate. The tomography reconstructions showed
the presence of positions where the coating was absent. The Al 2 O 3 coating, obtained by a pure ALD
treatment showed, in comparison to the pure plasma treatment, an improvement in terms of coverage.
However, the coating layer had a slightly varying thickness over de particle surface. Finally, the SiO 2
coating, obtained by plasma enhanced ALD showed the highest uniformity and coverage of the
investigated materials. An overview of these observations is given in Table 3.

SiO 2 by
atmospheric plasma

SiO 2 by plasma
enhanced ALD

Al 2 O 3 by thermal
ALD

coverage

almost complete

complete

complete

uniformity

lowest uniformity

highest uniformity

uniform

Table 3: Overview of the coverage and uniformity level of the different coating strategies based on
TEM analysis.
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The polyamide particles coated by an Al 2 O 3 and SiO 2 layer using (plasma enhanced) ALD were
compared in terms of flowability. In order to evaluate the flowability of the particles, the behaviour of
the powder was investigated during rotation158 as shown in Figure 3.9. A sample container filled with
powder was rotated. When the initial not coated powder is rotated, the particles stay longer
agglomerated and consequently they fall down in steps (Figure 3.9a). After deposition of an Al 2 O 3 or
SiO 2 coating the downwards flow of the particles is more smooth. The powder is rolling downwards
as presented in Figure 3.9b-c. The presence of the coating resulted in improved flow properties of
polyamide particles. Particles coated with SiO 2 , which had the highest coverage and uniformity,
showed the largest improvements.

Figure 3.9: Polyamide 12 powder (a) is rotated in order to investigate the flowability. Polyamide
particles with (b) Al 2 O 3 or (c) SiO 2 coating flow smoother in comparison to not coated polyamide
powder (a). The measurements are performed at the research group CoCooN, Ghent University.

In addition to polyamide 12, also polyamide 2 (PA2) particles with different sizes were investigated.
PA2 particles, consisting of C, N and O, were coated using atmospheric plasma and were used as
model particles to evaluate the experimental conditions such as the precursor type and precursor
supply system. SEM images show the presence of spherical particles. The SEM measurements were
performed at low vacuum conditions (130 Pa). Hereby, also non-conductive particles could be
investigated without the need of additional coating (e.g. gold or carbon). Consequently, the surface
chemistry could be determined using analytical techniques. EDX measurements of plasma treated
PA2 particles show the presence of Si at the surface. Patches at the surface contain an increased
amount of Si, as indicated in Figure 3.10. Similar patches were observed for plasma treated PA12
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particles (Figure 3.2). Although the presence of Si and O could be confirmed using SEM-EDX,
further characterization (e.g. investigation of the coating thickness) using TEM was required.

Figure 3.10: Low vacuum SEM images and corresponding EDX measurements of plasma treated
PA2 particles. Si and O are observed at the surface of the particle, which indicates a successful
coating. Patches at the surface contain and increased amount of Si and O.

When investigating the PA2 particles using HAADF-STEM, a deformation of the particle was
observed within a few seconds, as indicated in Figure 3.11. Once the particle was deformed, the shape
stabilized and the composition was investigated using EDX. However, it was not possible to clearly
visualize the SiO 2 coating and obviously, the coating thickness could not be determined in a
straightforward manner.

Figure 3.11: HAADF-STEM images of a plasma treated PA2 particle before and after the
deformation induced by the electron beam. Corresponding EDX elemental maps showed the presence
of Si and O, probably originating from the coating.
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To investigate the coating thickness, cross sections were prepared using ultramicrotomy.
Ultramicrotomy is a method to produce ultrathin sections of materials such as polymers, rubbers and
biological samples. Materials are typically first embedded in an epoxy. Next, a smooth reflective
block face, from which the sections will be cut, is obtained by trimming. From this block, thin
sections (e.g. typically 30-60 nm) can be cut using a diamond knife. Removing these thin sections
directly from the knife blade is challenging due to the small thickness of the sections. Therefore, the
sections are collected at the surface of a water bath.159 Finally, the sections are lifted from the water
and can be positioned on a TEM grid.159,160 This procedure is illustrated in Figure 3.12.

Figure 3.12: (a) Cutting of the ultrathin sections by the use of the ultramicrotome. (b) The obtained
sections are lifted from the water bath and can be positioned on a TEM grid. Figures are adapted from
the website of the Australian Microscopy & Microanalysis Research Facility161 and Science
Services162

For plasma treated PA2 particles, cross sections were prepared using ultramicrotomy in order to
determine the coating thickness. TEM and HAADF-STEM images, presented in Figure 3.13a-b
illustrate that the cross sections were compressed by cutting. EDX measurements (Figure 3.13c)
show that the silica coating remains connected to the resin and detached from the particle. It appears
that the interface of the silica coating and epoxy resin is stronger than the interface between the
polyamide particle and silica coating.
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Figure 3.13: (a) TEM and (b) HAADF-STEM images show the presence of compression caused by
the cutting procedure of PA2 particles. (c) The SiO 2 coating detached from the particle, which is
observed in the EDX measurements.

The quality of the ultrathin sectioning strongly depends on the type of knifes that are used. Depending
on the material type, different knifes should be considered. When the knife is not adjusted to the
properties (e.g. hardness) of the material, compression of the sections may occur due to a hardness
mismatch between the epoxy and the material of interest.163 Nevertheless, considering that the coating
layer, which was originally present at the surface of the particle, was attached at the epoxy interface,
the coating thickness could be determined. The thickness of the layer was measured at different
positions (300 measurements) at different sections. The size distribution is shown in Figure 3.14.

Figure 3.14: Distribution of the coating thickness for PA2 particles based on 300 measurements.
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In the case of these PA2 particles, the visualization of the coating and the thickness measurements
were sufficient to give feedback about the coating procedure and the presence or absence of a
successful uniform coating. However, if we want to perform further characterization for more
complex materials, such as the investigation of the penetration depth of coatings in porous materials,
this compression of the cross sections should be avoided. To avoid the hardness mismatch between
the resin and material of interest, more advanced sample preparation methods such as the focused ion
beam can be used to prepare thin section for TEM investigation. Because ion beam milling is largely
unaffected by the harness of the materials163, the preparation of TEM sections becomes more
consistent. In the next section, the penetration depth of coatings for porous alumina microspheres will
be investigated by the use of cross sections obtained by FIB.

3.5

Investigation of uniformity and penetration depth for coated alumina microspheres

For porous powders, the surface modification is not restricted to the outer surface of the powder. If the
precursor can reach the pore walls, also the internal surface will be modified. The final properties of
the coated materials can be influenced by the pore wall composition. In this part of the chapter, dense
and porous aluminium oxide (Al 2 O 3 ) particles are investigated. The particles are modified on one
hand by a pure plasma process, i.e. by the deposition of a SiO 2 coating using atmospheric plasma
treatment. On the other hand, a pure thermal process, i.e. by the deposition of a TiO 2 coating using
atomic layer deposition, is applied. As was described in chapter 1, the plasma treatment is based on
the interaction of reactive molecules with the substrate. These reactive molecules can also recombine
in the pores and consequently avoid coating deposition inside the pores. Therefore, it is expected that
the coating by a thermal process results in a more uniform coating with higher penetration depth in
comparison to the pure plasma process.

The investigated dense and porous Al 2 O 3 particles have a diameter equal to 600 micrometer, which is
extremely large for investigation by (transmission) electron microscopy. SEM EDX measurements,
which are presented in Figure 3.15, indicate the presence of Si at the surface of the particle. However
the penetration depth of the coating could not be determined using SEM due to the very small peak in
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the EDX spectra. In the attempt to characterize the expected nanometer sized coating, we prepared
cross sections using FIB.

Figure 3.15: (a) Low magnification SEM image of an Al 2 O 3 particle (cut in half). EDX
measurements are compared in two different areas: inside the particle and at the surface of the particle
were the coating is expected. (b) The corresponding EDX spectrum shows the presence of Si at the
surface of the particle.

A focused ion beam system is an instrument that uses a beam of ions rather than electrons in e.g. the
SEM. The beam of ions can modify or ‘mill’ the surface of the specimen through a sputtering process.
By controlling the energy and the intensity of the ion beam, it is possible to remove unwanted
material with nanometer precision.164 The milling process can be visualized by the combination of
SEM and FIB, such as in the Thermo Fisher Scientific DualBeam system. Hereby, the FIB becomes
more powerful, since high resolution SEM imaging of the FIB-milled surface can be performed.
Initially FIB instruments were developed for computer chip repair and circuit modification in
semiconductor technology165, but nowadays FIBs are also widespread used to prepare TEM crosssection sample lamellae.

To prepare a cross-section lamella, first a platinum layer is deposited at the position where the TEM
lamella will be prepared as indicated in Figure 3.16b. Because of the platinum layer, the damage of
the surface features during ion milling process is minimized. Next, trenches are milled on both sides
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of the platinum protection layer and the resulting lamella is released from the bottom (Figure 3.16c).
After the release of the edges from the bulk by ion-milling, the lamella is picked up by an omniprobe.
The lamella is transferred to a TEM grid dedicated for FIB165,166 (Figure 3.16d-e). The energy and
current values used in the different steps of the FIB procedure are reported in Table 4. Note that the
preparation of FIB cross sections is not straightforward for any type of material and requires expertise
and experience. Therefore, the parameters should be optimized for each material.

Figure 3.16: (a) For the preparation of a FIB lamella at the border of an epoxy imbedded Al 2 O 3
particle, (b) first a platinum layer is deposited for protection. (c) Next, trenches are milled and the
lamella is released from the bottom. (d) Finally, the lamella is transferred to a dedicated TEM grid.
The indicated area is enlarged in figure e.

Protocol
Electron beam – Platinum deposition
Ion beam – Platinum deposition
Rough cut
Undercut
Thinning
Post thinning
Final thinning

Energy
5 kV
30 kV
30 kV
30 kV
30 kV
8 kV
2 kV

Current
3.2 nA
0.23 nA
9.3 nA
0.79 nA
0.23 nA, 80 pA
21 pA
23 pA

Table 4: Summary of the energy and current values used during the FIB procedure.

Using the FIB, cross sections can be obtained. These sections through the material retrieve kind of 3D
information of the sample since they allow investigating the presence and penetration of the coating in
the depth, as illustrated in Figure 3.17. The cross sections enable the characterization of nanometer
sized coatings at the surface of micrometer sized particles. By the investigation of FIB lamellae using
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electron microscopy, the thickness and uniformity of the coating could be investigated for different
coating methods and properties.

Figure 3.17: Illustration to show that sections through the object retrieve kind of 3D information. The
3D volume consists of a stack of sections. Information about the outer shell and inside of the particle
becomes visible.

The presence, uniformity and penetration depth of the coating was investigated and compared for the
atmospheric plasma treatment and atomic layer deposition.

FIB lamellae of dense Al 2 O 3 particles coated by silica using atmospheric plasma are investigated after
10 and 30 pulses of treatment in a static setup, which is explained in chapter 1. Because the difference
in atomic number of aluminium (Z = 13) and silicon (Z = 14) is only one, the coating cannot be
visualized by only HAADF-STEM imaging. Therefore, EDX measurements are performed using an
Osiris microscope equipped with a Super-X system, consisting of 4 detectors. Hereby, the sensitivity
of the detection of X-ray signals is increased and shorter acquisition times can be used in comparison
to a conventional single detector. In this manner, also more beam sensitive and more soft (such as
Al 2 O 3 particles) materials can be investigated. EDX elemental maps, presented in Figure 3.18, show
the presence of an incomplete silica coating at the surface after 10 pulses of plasma treatment,
whereas a uniform silica coating is observed at the surface of the alumina particle after 30 pulses of
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treatment. The amount of pulses necessary to completely cover the alumina particle by a silica coating
could be determined due to the visualization of the coating by EDX measurements.

Figure 3.18: EDX elemental maps of dense Al 2 O 3 particles after (a) 10 and (b) 30 pulses of plasma
treatment. An incomplete coating is observed after 10 plasma treatments, whereas 30 treatments result
in a complete coverage.

In addition to the investigation of the amount of treatment cycles, also the difference in terms of
coating efficiency between a static and dynamic plasma treatment can be studied. Figure 3.19 and
Figure 3.20 show the EDX elementals maps of porous Al 2 O 3 particles treated by a static and dynamic
atmospheric plasma treatment, respectively. The FIB lamella of a particle coated by a static plasma
treatment (Figure 3.19) shows that the silica coating is mainly present at the outer surface. The
coating did not penetrate inside de porous structure of the particle. For the dynamic treatment (Figure
3.20), an incomplete coating is observed, but the coating has penetrated further in the porous structure
of the particle. The coating is observed around individual grains of the particle.

108

Figure 3.19: EDX elemental maps of a FIB lamella porous Al 2 O 3 particles after a static plasma
treatment. Si is observed mainly at the surface of the particle.

Figure 3.20: EDX elemental maps of a FIB lamella of porous Al 2 O 3 particles after a dynamic plasma
treatment. Si has penetrated inside the porous network of the particle.

The same Al 2 O 3 particles were treated with a pure thermal process. Hereby, a TiO 2 coating was
deposited by atomic layer deposition. The particles were imbedded in epoxy and polished until the
estimated middle cross section was obtained. In comparison to the plasma treated Al 2 O 3 particles
(Figure 3.15), these cross sections from ALD treated Al 2 O 3 particles imaged in SEM show a
difference in contrast for the coated and not coated area (Figure 3.21). This enabled the investigation
the penetration depth over the entire cross section. Based on these SEM images, the penetration depth
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of the TiO 2 coating could be determined. The average penetration depth, based on 30 measurements,
was (32.0 ± 0.4) μm.

Figure 3.21: SEM images of the cross sections obtained after embedding and polishing of an Al 2 O 3
particle. The area indicated by the rectangle is enlarged at the right. A different intensity is observed
for the coated and not coated area. The penetration depth is indicated by the arrow.

SEM imaging enabled the determination of the penetration depth for Al 2 O 3 particles coated by TiO 2 .
However, to investigate the thickness of the coating around the individual grains, a more detailed
characterization is necessary. Similar to the plasma treated Al 2 O 3 particles, a FIB lamella is prepared
and investigated in TEM. In comparison to the small difference in atomic number for Al and Si, the
atomic number for Al (Z = 13) and Ti (Z = 22) is further apart and the coating can be directly
observed in HAADF-STEM images. However, at low magnifications which are necessary to visualize
the complete lamella and to investigate the penetration depth, the polymer shell is too thin to observe
directly. Therefore, EDX measurements give a fast indication of the penetration depth. Figure 3.22
shows that the TiO 2 coating is uniform and present over the complete FIB lamella. An average
coating thickness of (15.5 ± 0.2) nm is observed (based on 85 measurements). The pore walls in the
FIB lamella of the Al 2 O 3 particles treated by atomic layer deposition are completely covered by the
TiO 2 coating.
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Figure 3.22: EDX elemental maps of a FIB lamella of porous Al 2 O 3 particles after coating by atomic
layer deposition. A homogeneous TiO 2 layer is observed at the pore walls inside the porous network
of the particle.

The SiO 2 coating obtained from a pure plasma treatment and the TiO 2 coating obtained from a
thermal treatment by ALD were compared in terms of homogeneity and penetration depth. For the
SiO 2 coating, a complete and uniform coverage was obtained after 30 cycles of plasma treatment. The
penetration depth was dependent on the used set-up. Treatment in the static set-up resulted in a low
penetration inside the porous structure, whereas for treatment in a dynamic set-up the coating could be
observed around individual grains inside the particle. The low coverage by plasma treatment was
expected, since the reactive molecules in the plasma can also recombine in the pores and consequently
avoid coating deposition inside the pores. The deposition of a TiO 2 coating by thermal ALD was
more efficient. The coating penetrated inside the porous particle up to 32 μm and a 15 nm sized
coating was observed around the individual grains. The characterization performed by electron
microscopy enabled the possibility to tune and improve the parameters of the coating processes.
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3.6

Conclusion

To implement particles into commercial products such as paints and pharmaceuticals, it is important
to investigate and improve their properties, including e.g. dispersibility, flowability and adhesion. In
the attempt to improve the properties of particles, surface modification by a coating is often a crucial
step since the coating layer enables to tune the interactions between the particles and their
environment. Obtaining an efficient coating is required in the view of up-scaling processes for many
different applications. Therefore, the characterization of coated materials is highly important.
However, the characterization of micrometer sized particles coated by nanometer sized coatings is not
straightforward due to their very different size ranges. It was only by the use of advanced sample
preparation techniques that the particles and their coating could be visualized and characterized using
electron microscopy such as FIB. The combination of HAADF-STEM imaging, EDX and electron
tomography enabled the investigation of the penetration depth and the presence, thickness and
uniformity of the coating for different types of materials.

The experimental parameters which are used to investigate these micrometer sized particles with
nanometer sized coatings are summarized in Table 5.

Experimental parameters
Sample preparation

Imaging mode

Drop casting and FIB
Conventional carbon coated Cu grid
or FIB lamella
STEM

Detector

CCD

Voltage

200 kV

Screen current

50 pA

TEM Grid

Table 5: Overview of the experimental parameters which are used for the investigation of micrometer
sized particles with nanometer sized coatings.
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Chapter 4
2D and 3D characterization of core-shell
Ag-polymer nanoparticles
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4

2D and 3D characterization of core-shell Ag-polymer nanoparticles

In the previous chapter, micrometer sized particles with nanometer sized coatings were investigated.
Characterization of such systems was challenging due to the very different sizes of the substrate
particle and the coating. When both the particle and the coating have dimensions in the nanometer
scale, direct investigation becomes possible by the use of TEM. Not the size, but the composition of
the coating will present challenges in this case. In this chapter, the morphology and optical properties
of Ag-polymer core-shell nanoparticles are investigated with the aim to apply these metal-polymer
nanoparticles in photocatalytic applications.

4.1

Introduction

Photocatalysis is a promising technology for pollution reduction in aqueous and gaseous
environments, especially for degradation of volatile organic compounds.167 The photocatalytic process
is based on light-induced generation of electron-hole pairs that initiate oxidation and reduction
reactions of pollutants on catalyst surfaces, e.g. titanium dioxide (TiO 2 ).168 TiO 2 is a semiconductor
which is often used in photocatalysis because it is cheap, non-toxic and easily produced.169 The
bandgap of this semiconductor is 3.2 eV, meaning that ultraviolet light (~ 388 nm) is required to
activate the photocatalyst. When light with sufficient energy irradiates TiO 2 , an electron can be
excited from the valence band towards the conduction band, creating an electron-hole pair. The
produced electron and hole can migrate to the catalyst surface. Here, reduction and oxidation
reactions with adsorbates can be initialized. This principle is schematically visualized in Figure 4.1a.
For example, the positive hole can oxidize H 2 O or OH- to produce hydroxyl radicals (•OH). On the
other hand, O 2 can be reduced by the conduction band electrons to form O2-• and •OOH or H 2 O 2 after
reaction with H+. This means that the degradation of pollutants by the photocatalytic mechanism is
based on radical reactions whereby reactive oxygen species are formed. These reactive species will
react with the surface adsorbed species in order to degrade them to for example CO 2 and H 2 O.170
However, the performance of the photocatalyst is reduced by the occurrence of recombination in the
bulk or at the surface, facilitated by lattice defects and impurities. Excited electrons can fall back to
the valence band before they can react with the adsorbed species. Another limitation is the wide
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bandgap of TiO 2 , which result in a limited activity under visible light. The UV light region
corresponds to only 5% of the solar spectrum.169

Recently, metallic nanoparticles have been used to induce or enhance visible light activity in
photocatalysis.167,171 Metal nanoparticles such as Ag nanoparticles display interesting optical
properties, such as surface plasmon resonance (SPR). When light interacts with the nanoparticles, the
electric field of the incoming light applies a force on the conduction electrons and consequently, the
electrons start to oscillate at the same frequency. When the frequency of the incoming light matches
the resonance frequency of the system, the conduction electrons will oscillate with maximal
amplitude.172 Different properties such as the type of metal, the surrounding dielectric environment,
particle size and shape have an influence on the SPR wavelength.167 Ag and Au nanoparticles are
often used since they show pronounced SPR in the visible range of the spectrum. Ag nanoparticles are
of specific interest whereas they produce a sharper and stronger plasmonic resonance than Au. Also,
the plasmonic resonance of Ag nanoparticles appears at higher energies/shorter wavelengths in
comparison to Au, which provides a broader range of tunability of the plasmonic resonance
frequency.173 Due to this surface plasmon excitation an enhancement of the electric field is observed
at the surface of the nanoparticle. In this manner, the silver nanoparticles act as efficient light
absorbers through surface plasmon resonance excitation. The absorbed energy is then transferred to
the nearby semiconductor in order to activate the photocatalyst by different mechanisms such as
electron injection, near-field assistance and scattering.170,174 Moreover, also other mechanisms such as
the metal-semiconductor interaction and the intrinsic properties of the nanoparticles, are important.
This means that the plasmon photocatalytic process is very complex and consequently not yet fully
understood.170 Figure 4.1 shows a simplified schematic representation of the photocatalytic processes
for bare titanium dioxide and metallic nanoparticles deposited on titanium dioxide.
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Figure 4.1: Simplified schematic representation of the photocatalytic process for (a) bare titanium
dioxide and (b) metallic nanoparticles deposited on titanium dioxide. Figure adapted from Verbruggen
S.W. et al.175

Due to the enhanced near-field it is expected Ag@TiO 2 systems yield a higher catalytic activity.
However, some experimental results have shown an opposite behavior.176 Apart from island formation
on the surface, a possible explanation can be found in the chemical properties of Ag nanoparticles. Ag
nanoparticles are indeed chemically very reactive and it is expected that they readily oxidize in
contact with air.177 In order to prevent oxidation and agglomeration, Ag nanoparticles can be
encapsulated with a passive material such as SiO 2 or a polymer.177–181 It is hereby important that the
protection layer is sufficiently thin since it is expected that the amplitude of the electric near-field
decays exponentially with the distance from the nanoparticle’s surface.182 Ag encapsulation can be
performed by using organic linkers and capping ligands.18,178,183 The main drawback of these methods
is that they do not allow control over the shell thickness. Minor changes in the shell thickness can
modify the near field enhancement to a large extent. Therefore, a Layer by Layer (LbL) method was
recently proposed.178,184,185 Hereby, the metallic Ag core is encapsulated with an ultra-thin protective
shell by sequential cycles of adsorption and washing off the alternatively charged polyelectrolytes.
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Since the polymer shell is built layer by layer, it is expected that the shell thickness can be accurately
controlled.

To understand, confirm and improve the LbL-method it is necessary to visualize and measure the
polymer shell thickness. Although TEM is in principle ideally suited to investigate nanoparticles, the
sensitivity of the polymer shell, towards the electron beam, and the lack of contrast are the main
challenges when visualizing the metal nanoparticle and the polymer shell together. Therefore, we
developed an optimized technique to allow simultaneous visualization and characterization of the soft
and hard composite material. In addition, the influence of the polymer shell on the plasmon properties
of Ag nanoparticles is examined. Furthermore, the structure and organization of the polymer
molecules at the surface of the Ag nanoparticles is investigated using high resolution TEM and exit
wave reconstruction, which is presented in Chapter 6.

4.2

Layer by layer encapsulation

Ag nanoparticles are synthesized at the sustainable energy, air and water technology (DuEL)
laboratory at the University of Antwerp by reduction of silver nitrate with tannic acid and trisodium
citrate (Turkevich method).186 Afterwards, the metallic Ag cores are encapsulated with ultra-thin
protective shells using a layer-by-layer (LbL) technique.178 This approach is based on sequential
cycles of adsorption and washing off the alternatively charged polyelectrolytes poly(allylamine
hydrochloride) (PAH) and polyacrylic acid (PAA) (Figure 4.2). In contrast to various synthesis
strategies using organic linkers and thiol-derivatives, the LbL technique present the freedom to
accurately control the shell thickness.178
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Figure 4.2: Illustration of the layer-by-layer method. The metallic Ag core is encapsulated with an
ultra-thin protective shell by sequential cycles of adsorption and washing off the alternatively charged
polyelectrolytes.

4.3

Challenges for characterization by TEM

Simultaneous visualization of the Ag core and the polymer shell is far from straightforward due to the
lack of contrast and the sensitivity of the polymer when being investigated by TEM. Figure 4.4b
shows an Ag nanoparticle encapsulated by 4 layers of polymer deposited on a commercial carbon
coated Cu TEM grid (Figure 4.4a). It is clear that only contrast related to the Ag particle can be
observed. Previously, polymer shells in inorganic-polymer core-shell nanoparticles could be
visualized through staining by ruthenium tetroxide
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or through selective absorption of chemical

molecules.188 However, such a chemical treatment might influence the polymer structure and hamper
a quantitative measurement of the thickness.189 Also cryo-TEM has been shown to be a suitable
technique to visualize nanoparticles encapsulated in polymeric templates.190 Unfortunately, cryo-TEM
images typically show a very low signal to noise ratio, which will hamper a quantitative interpretation
when the polymeric structure is very thin, such as for the Ag-polymer core-shell nanoparticles in this
study.

4.4

Simultaneous visualization of soft and hard materials: optimization of support

To improve the contrast between the Ag nanoparticles and their support, we developed ultrathin grids
consisting of a thin carbon layer (~ 3 nm) on top of a holey carbon TEM grid (Figure 4.3). Such
ultrathin film grids are prepared as follows:
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•

Holey carbon coated Cu TEM grids are placed on a filter paper in a glass petri dish filled with
ultra-pure water (Figure 4.3a).

•

An ultrathin 3 nm thick carbon layer, obtained using adaptive carbon thread evaporation191, is
lowered slowly into the water under an angle of 30° (Figure 4.3b).

•

Through capillary forces, the carbon layer is released from the substrate. The ultrathin layer is
then floating on the water surface (Figure 4.3c).

•

The filter paper with TEM grids is slowly removed from the water assuring that the floating
carbon layer is deposited on the grids. Finally the grids are dried at 40°C (Figure 4.3d).

•

Silver-polymer nanoparticles deposited on the ultrathin layer can be observed (Figure 4.3e).

Figure 4.3: Different steps to prepare ultrathin coated TEM grids. Figure adapted from Leroux191. In
figure (e) a silver-polymer coated nanoparticle is observed on the ultrathin film of the grid.

A conventional TEM grid consists of two layers: the supporting copper grid and a holey carbon film
deposited on the grid. When the solution is drop casted on the grid, particles will stick to the holey
carbon film (Figure 4.4a). Hereby, the particles observed in TEM images have the holey carbon film
as support (Figure 4.4b). On the other hand, the TEM grid coated by the ultrathin carbon layer has
three different layers: the supporting copper grid, the holey carbon film and the ultrathin carbon film
deposited on the grid. After drop casting the solution, particles can have either only the thin carbon
layer or the combination of the thin carbon layer and the holey carbon film as support (Figure 4.4c).
When the particle was positioned with only the thin carbon layer as support, we were able to observe
the polymer shell in the BF-TEM images (Figure 4.4d). In this manner, the polymer shell could be
visualized and further investigated.
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Figure 4.4: BF-TEM images of Ag nanoparticles encapsulated by 4 layers of polymer deposited on
(a-b) a commercial Cu TEM grid and (c-d) ultrathin carbon film coated TEM grid. Only when using
an ultrathin support, the polymer shell can be visualized (indicated by the arrow).

The observations above indicate the importance of the supporting grid for TEM investigation. In
general, the type of support is not questioned. Often, the scattering of electrons after interaction with
nanoparticles is much stronger in comparison to scattering originating from the supporting grid, which
result in direct observation of the nanoparticles after drop casting.121,122,192 In this study, the presence
of the soft material challenged the direct observation of the core-shell nanoparticles. Only by
optimizing the support, we were able to visualize the core-shell nanoparticles.

4.5

Investigation of layer by layer growth

Since the polymer shell is built layer by layer, a continuous growth of the shell with increasing
number of polyelectrolyte layers is expected. Control over the shell thickness up to the sub-nanometer
level is the key to retain plasmonic near field enhancement effect in photocatalytic applications.178 In
addition, the presence of a thin conformal polymer shell can prevent oxidation and agglomeration of
the silver cores, resulting in a prolonged photocatalytic activity. Therefore, it is crucial to verify
whether the Ag nanoparticles are indeed completely and uniformly encapsulated by the polymer shell.
Holes in the coating could still lead to interaction with oxygen and would allow oxidation.
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4.5.1

2D measurements of shell thickness

To investigate the controllable shell thickness using the LbL-method, coated nanoparticles obtained
after different amount of cycles were investigated. BF-TEM images of particles deposited on the
ultrathin carbon support show the gradually increase of shell thickness for four-, six-, eight- and
twelve-layered Ag-polymer core-shell nanoparticles, denoted as Ag-L4, Ag-L6, Ag-L8 and Ag-L12
(Figure 4.5). Based on the BF-TEM images, the average shell thickness could be determined 1 to be
(1.36 ± 0.03) nm for Ag-L4, (2.23 ± 0.07) nm for Ag-L6, (2.47 ± 0.05) nm for Ag-L8 and (4.17 ±
0.09) nm for Ag-L12 as derived from 100 thickness measurements. As indicated in Figure 4.6, the
increasing shell thickness were in agreement with a continuous growth of the shell with increasing
number of polyelectrolyte layers.184

Figure 4.5: BF-TEM images of (a) Ag-L4, (b) Ag-L6, (c) Ag-L8 and (d) Ag-L12 and corresponding
distribution of the shell thicknesses.

1

Note that the error was calculated on the average shell thickness by 𝜎𝜎/√𝑁𝑁 with 𝜎𝜎 the standard deviation and
𝑁𝑁 the number of measurements. The standard deviation 𝜎𝜎, represents the uncertainty on the measured shell
thickness, whereas 𝜎𝜎/√𝑁𝑁 represents the error on the calculated average shell thickness.
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Figure 4.6: An increased amount of polymer layers resulted in an increased shell thickness. The error
bars represent the standard deviation which was calculated as error on the measured shell thickness.

4.5.2

3D measurements of shell uniformity

So far, thickness measurements for these Ag-polymer core-shell nanoparticles were performed based
on two dimensional images.184 However, 2D TEM images of an unknown 3D object can be very
misleading. Indeed, holes in the coating cannot be observed from such 2D images. To investigate the
uniformity of the polymer shell, electron tomography is therefore required.

BF-TEM images of polymers are dominated by mass-thickness contrast, which fulfils this projection
requirement for electron tomography124,137, but for metallic-polymer core-shell nanoparticles this is no
longer the case. Indeed, diffraction contrast is the dominant mechanism in BF-TEM images of
crystalline specimens. By changing the tilt of the incident beam or by tilting the sample, the
diffraction conditions are changed.193 Hereby, the contrast of specific features will change or
disappear entirely dependent on the tilt angle. The change in contrast will lead to artefacts such as
blurring194 in tomographic reconstructions.195 Therefore, HAADF-STEM images are typically used for
electron tomography experiments in materials science.124 Unfortunately, we were not able to acquire a
complete tilt series (± 80 projections) using HAADF-STEM, because of the extreme sensitivity of the
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polymer shell towards the focussed electron probe. After half of the tilt series of the electron
tomography experiment, the polymer was spread (Figure 4.7).

Figure 4.7: HAADF-STEM images at 0° (a) before the acquisition of the tilt series and (b) after 36
images. The contrast and brightness of the images are adjusted to visualize the polymer shell. After a
few images, the polymer spreads and finally disappears.

The acquisition of a complete tilt series using HAADF-STEM images was not possible since a high
amount of projections is required. Instead of acquiring HAADF-STEM images, a short EDX
measurement (1 min) was performed. Ideally we would observe the position of Ag and carbon (which
corresponds to the presence of the polymer) for the particles which were deposited on a molybdenum
grid to avoid influence of carbon in the supporting grid. Repeating this measurement for a few
different angles would result in a 3D characterization.196 However, already after one short EDX
measurement, the presence of carbon was measured in the complete field of view (Figure 4.8). As a
consequence, also EDX measurements could not be used to obtain a 3D characterization.
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Figure 4.8: (a) HAADF-STEM image and corresponding EDX elemental maps for (b) Ag and (c)
carbon which is present in the polymer. The particles were deposited on a molybdenum grid to avoid
influence of carbon in the supporting grid. The polymer layer is spread and carbon is observed over
the complete field of view.

Techniques using HAADF-STEM and EDX imaging which can fulfil the projection requirement for
electron tomography124,196 were not able to visualize the core-shell nanoparticles during multiple
acquisitions. Despite of the violation of the projection requirement, we therefore acquired BF-TEM
tilt series of the polymer coated Ag nanoparticles. Projection images were recorded over a tilt range of
±78° with a tilt increment of 2°. To keep the polymer shell stable during the acquisition (Figure 4.9 ab), the beam current was strongly reduced. Hereby, the images became noisier which complicated the
reconstruction of the 3D volume (Figure 4.9).

Figure 4.9: BF-TEM projections acquired at 0° (a) before and (b) after the tilt series. (c) Projection at
+32° which clearly shows the presence of diffraction contrast (lines and shadows).
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The acquired tilt series could be reconstructed using methods such as the weighted back projection
method (WBP) or iterative methods such as simultaneous iterative reconstruction technique (SIRT)
and Total Variation Minimization (TVM) methods.136 For every type of material, it is important to
select the most useful reconstruction technique. Figure 4.10 shows orthoslices through the
reconstructed 3D volume, obtained using different reconstruction algorithms. The slices through the
WBP reconstruction show the presence of a complete encapsulating shell, whereas the SIRT
reconstruction results in an incomplete shell. Because the polymer shell was visible in every
projection of the tilt series, it was expected to observe a homogeneous polymer shell in the 3D
reconstruction. The TVM reconstruction improved in terms of homogeneity of the shell in comparison
to SIRT. However, artefacts at the edges were observed. More advanced reconstruction techniques
such as SIRT and TVM appeared to have more difficulties with handling the noisy data. For lower
electron doses, it is demonstrated136 that the WBP yields a slightly better global resolution in
comparison to the SIRT and TVM algorithm.

Figure 4.10: Raw and segmented orthoslices through the 3D reconstruction obtained using the WBP,
SIRT and TVM reconstruction. In the raw slices, the contrast and brightness are adjusted in order to
visualize the polymer shell.
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Although the WBP technique enabled the visualization of the polymer shell around the particle, a
threshold based segmentation failed due to the poor contrast. Therefore a slice by slice manual
segmentation was performed based on line profiles (Figure 4.11).

Figure 4.11: (a) Slice through the reconstructed 3D volume. (b) A line profile is used to determine the
position of the polymer shell.

In Figure 4.12 column b, orthoslices through the 3D reconstructions obtained using Weighted Back
Projection (WBP) are presented. From this analysis, we can estimate that the thickness of the shell for
each 3D reconstructed volume was within the range determined by 2D TEM imaging as indicated in
Figure 4.13. Moreover, electron tomography reveals that the polymer shell entirely encapsulates the
Ag nanoparticle and therefore proves that the shell thickness can be accurately controlled using the
LbL-method.
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Figure 4.12: (column a) BF-TEM projection at 0° for respectively Ag-L4, Ag-L6, Ag-L8 and AgL12. (column b) Slices through the reconstructed 3D volumes obtained by the weighted back
projection and (column c) superimposed segmentation. Figures (column d) show the result of the 3D
segmentation. The polymer shell (blue) is encapsulating the complete particle (yellow).
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Figure 4.13: The shell thickness, measured on different slices in different orientations through the 3D
segmented volume, is within the range determined by 2D TEM imaging.

Instead of measuring the shell thickness in slices through the reconstruction based on line profiles, the
shell thickness could also be calculated based on the volume of the reconstructed object. After the
segmentation, the volume of the silver core and the polymer shell could be subtracted. Assuming a
perfect spherical particle, the radius of the particle could be calculated. In this manner, a shell
thickness of 1.9 nm for Ag-L4, 2.1 nm for Ag-L6, 2.8 nm for Ag-L8 and 3.7 nm for Ag-L12 was
obtained.

Above it is shown that the poor contrast, due to the low electron dose that is used, hampers an easy
segmentation. By the emergence of new detectors, new opportunities arise to treat low dose
measurements. For example, using direct electron detectors, which are currently already used in fields
such as cryo electron microscopy197,198, one is able to even further reduce the electron dose. Using
special dose fractioned imaging techniques199, the dose can be divided over multiple images. The
extreme speed at which the multiple images are acquired and the high efficiency of the camera
enables to use shorter exposure times to achieve higher quality images. During the acquisition, the
material of interest can move, drift or experience irradiation damage. By aligning and summing the
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multiple subframes of the dose fractioned acquisition it is possible to obtain a single image which
represent the original structure, of the material without any drift or movement.199 The use of this direct
detector became recently possible at EMAT. In the future, this detector will be beneficial for the
investigated of beam sensitive materials. Also, the visualization and characterization of the sensitive
polymer shell around the Ag nanoparticles can possibly benefit using such direct electron detector.

The complete encapsulation of the Ag nanoparticles by a polymer, which was demonstrated using
electron tomography, will be beneficial to prevent the Ag nanoparticles from oxidation. An additional
benefit of synthesizing a homogeneous thin shell and the proposed methodology to very accurately
determine its thickness is that in this manner the spacing between two adjacent Ag cores can be
carefully tuned. This will in turn, govern the resulting near-field enhancement in the hot-spot zone
located in-between two particles. Recently this strategy to tune and model the surface-enhanced
Raman spectroscopy (SERS) signal enhancement for dye molecules located in such a wet-chemically
controlled nanogap has been exploited200. In Figure 4.14, a doublet and quartet of coated Ag
nanoparticles are shown. The polymer layer forces the particles to separate at distances equal to the
thickness of the polymer shell. The shadows, stripes and blinking artefacts are observed in Figure 4.14
due to the presence of diffraction contrast. The presence of the polymer shell avoids the
agglomeration or clustering of Ag nanoparticles, since the Ag nanoparticles are always separated by
the polymer shell.
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Figure 4.14: BF-TEM images of a dimer and tetramer of Ag-polymer core-shell nanoparticles. By
changing the thickness of the polymer shell, the size of the nanogap in between adjacent particles can
be engineered.

4.6

Influence of the polymer shell on the optical properties

The encapsulation of the Ag nanoparticles by a polymer shell has shown to be beneficial to reduce
clustering and to prevent oxidation over a prolonged time period.178 The 3D tomography results from
Figure 4.12 confirm complete envelopment of the Ag core by a protective polymer shell, which
substantiates the ultra-stable properties of these core-shell nanostructures. However, the presence of
the polymer shell may at the same time also influence the plasmon modes of Ag nanoparticles.
Therefore, low loss EELS measurements are performed in order to compare the plasmon modes of
bare silver, four-, six-, eight- and twelve-layered core-shell nanoparticles. For all particles, EELS
spectra were recorded at different locations, revealing the presence of multiple plasmon resonances.

4.6.1

Optical properties: localized surface plasmons

When metallic nanoparticles are illuminated by an electromagnetic wave the electrons will displace
relative to their atomic cores, hereby inducing dipoles.201,202 When the size of the metal is of the order
of the wavelength of light and thus of the penetration depth of an electro-magnetic field, localized
surface plasmons occur.203 This principle is illustrated in Figure 4.15. When the external
electromagnetic field is pointing upwards, the electron will move to the bottom. If the direction of the
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external electromagnetic field changes, the electrons repel each other and form an electron cloud at
the top of the metallic nanoparticle.201–203 The electrons will oscillate at the plasma frequency and the
associated energy transfer can be measured using electron energy loss spectroscopy.204 The collective
oscillations of the free electron gas are called plasmons.205 Similar to photons which are the quantum
of light, plasmons can be considered as the quantum of plasma oscillation.

Figure 4.15: Illustration of the electron movement after illumination by an electromagnetic wave.
Schematic of localized the surface plasmon resonance. Figure adapted from Camacho et al.202

4.6.2

Comparison of optical properties from bare silver and coated nanoparticles

For the mapping of the plasmon resonances, HAADF-STEM imaging was combined with
monochromated STEM-EELS. In STEM-EELS the probe was scanned while the transmitted beam is
collected in a spectrometer. Next, the electron energy loss spectrum was recorded for every pixel in
the raster which allows the point by point measurement of the energy loss probability. All
experiments were performed using an aberration-corrected cubed FEI Titan 50–80. The microscope
was operated at a high tension of 120 kV and the monochromated electron probe ensures a full width
half maximum of the zero-loss peak of 0.15-0.17 eV.

The combination of HAADF-STEM and EELS is not straightforward for the Ag-polymer cores-shell
nanoparticles. In Figure 4.7 it is demonstrated that the polymer shell is very sensitive towards the
electron beam. In order to obtain valuable measurements, the experimental parameters were optimized
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to guarantee a stable polymer shell during the STEM-EELS measurement. Using a current < 50 pA, a
dispersion equal to 0.025 eV and an exposure pixel time of 0.002 s, it was possible to keep the
polymer shell stable during a 1 min acquisition as illustrated in Figure 4.16.

Figure 4.16: HAADF-STEM images (a) before and (b) after the EELS measurement. The contrast
and brightness of the images are adjusted in order to visualize the polymer shell.

Using the optimized experimental parameters, EELS spectra were recorded at different locations.
EELS spectra for bare Ag and coated nanoparticles are presented in Figure 4.17 and Figure 4.18
respectively. The obtained experimental spectra were in agreement with literature206,207 and show two
clear peaks at ~ 3.3 eV and ~ 3.9 eV which resemble the plasmon energies of Ag corresponding to

the surface and bulk plasmons. For the particles coated by 8 layers of polymer, a small shift towards
lower energies was observed (Figure 4.18) due to the increased particle size.
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Figure 4.17: EELS measurement for bare Ag nanoparticles.

Figure 4.18: EELS measurement for Ag nanoparticles coated by 8 layers of polymer.

The experimentally obtained EELS spectra were compared with simulated spectra. The theoretical
simulations of the EELS spectra were performed with the MNPBEM toolbox based on the Boundary
Element Method for Metallic Nanoparticles.208,209 This toolbox calculates the electromagnetic
properties of plasmonic nanoparticles. First, a model for the particle, in this study a core-shell
nanoparticle, and the corresponding dielectric functions were defined. The boundaries between the
different materials were discretized by a geometrical mesh, assuming sharp boundaries, which result
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in faster simulations since only the boundaries between the different dielectric materials have to be
discretized instead of the whole volume. The dielectric function of Ag was calculated from optical
data.210 For the polymers PAA/PAH the dielectric function was approximated by a constant since
PAH/PAA polymers are non-absorbing in the near UV to visible region (300-800 nm) and the
variation in dielectric data is minimal in this region. The dielectric constant 𝜀𝜀 was calculated based on
the refractive index n = 1.48 as 𝜀𝜀 = 𝑛𝑛2 .178,211 The influence of the carbon support was neglected
during the simulations. Next, the properties of the illumination by the electron beam were defined.

When the particle is excited by an incoming plane wave, the particle becomes polarized and
consequently electromagnetic fields are induced. The goal of the MNPBEM toolbox is to compute
these electromagnetic fields, more specific the scalar and vector potentials related to these
electromagnetic fields. This is obtained by solving the Maxwell equations. Because the very fast
electrons in the beam transfer only a small momentum in the inelastic interaction process, the quasistatic approximation for the Maxwell equations can be used. For metallic nanoparticles, the
wavelength of the electromagnetic field interacting with the metallic nanoparticles is larger than the
particle dimensions. This justifies the usage of the quasistatic approximation or in other words,
neglecting the dependence on momentum.212 The scalar and vector potentials which are related to the
electromagnetic field should fulfil the Poisson or Laplace (quasistatic approximation) or Helmholtz
(full calculations) equation everywhere except at the particle boundaries. This results in a number of
integral equations. Because the particle boundaries are treated as discretized into boundary elements, a
set of linear equations is obtained that provides the solutions of the Maxwell’s equation in terms of
surface charge and current distribution. The full derivation is described in Hohenester U. et al.209 In
order to compute the electron energy loss probability, the following situation is considered. When an
electron passes through a metallic nanoparticle, it will lose energy by exciting particle plasmons. It is
assumed that the electron kinetic energy is much higher than the plasmon energies. By this
assumption, the contribution to the electron trajectory of the change of velocity due to plasmon
excitation can be discarded. In this manner, the energy loss can be computed from the work
performed by the electron against the induced field.209
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Simulated spectra of bare Ag and polymer coated nanoparticles show the presence of plasmon peaks
related to the surface and bulk plasmons (Figure 4.19). This means that after the addition of a polymer
shell of 8 layers, the plasmon activity of the Ag nanoparticles was not vanished. Moreover, no
additional peaks were observed due to the presence of the polymer shell which results in a similar
optical behaviour as the bare Ag nanoparticles. The exact position of the plasmon peaks was
investigated in more detail.

Figure 4.19: Visualization of the simulated object and the corresponding simulated loss probabilities
for (a) bare Ag nanoparticles (Ag-L0) and (b) Ag-polymer core-shell nanoparticles (Ag-L8).

Figure 4.20 shows the simulated and experimentally obtained spectra at positions 0 (centre of Ag
particle, bulk) and R, with R the radius of the particle. The band broadening observed for the
experimental spectra with respect to the simulations, can be ascribed to the polydispersity of the
colloidal Ag_LX (X = number of layers) solutions, whereas in the simulation perfectly monodisperse
colloidal spheres were assumed. For both, at the surface and in the bulk the simulated peak shifts
slightly towards lower energy / higher wavelength with increasing amount of polymer layers.
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Experimentally a similar trend was observed. This is consistent with the theory that the SPR peak
experiences a slight red-shift due to an increase in particle size upon progressive addition of
polyelectrolyte layers. This red-shift was also confirmed experimentally by UV-vis spectroscopy
(Figure 4.21), as well as theoretically by calculated extinction spectra based on Mie theory.200

Figure 4.20: Simulated spectra with impact parameter R (a) and 0 (c). Experimental obtained EELS
spectra show a similar trend for both impact parameters.
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Figure 4.21: (a) UV-vis absorption spectra and (b) SPR peak position of Ag-polymer core-shell
nanoparticles as function of the number of encapsulating layers. In (a) also the intermediate spectra
(Ag-L1, Ag-L2…) are shown. The absorbance peak is decreasing with increasing amount of polymer
layers. In (b) the dotted red curve is a trend line of the shift in the plasmon peak position. The
measurements are performed at the research group DuEL, University of Antwerp.

The efficiency of plasmon field enhancement heavily depends on the overlap of the plasmon
resonance absorption band and the principal excitation wavelength of the incident light source.213
When both coincide, a maximal enhancement of the near field will be obtained. It is well known that
increasing the nanostructure’s size, i.e. by adding polymer layers with a higher refractive index than
that of the surrounding aqueous medium, the principal SPR wavelength will experience a red-shift. In
order to guarantee an optimal overlap of the resulting SPR absorption band with the excitation
wavelength, it is again very important to determine the exact thickness of the encapsulating layer, as
this will in turn drive the red-shift of the plasmon peak.

4.7

Enhanced activity

As discussed in the introduction the main goal of developing these Ag-polymer nanoparticles is to
protect the Ag nanoparticles against oxidation and clustering when they are applied on a
photocatalytic substrate that will be used in an oxygen-rich environment.
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To be useful in such applications, the cores-shell nanoparticles should be stable in stressful
conditions. The prepared nanoparticles are evaluated by two different stability tests performed by the
research group DuEL. As a first test, the particles are studied upon addition of sodium chloride salt. A
second stability test consisted of a harsh hot-air treatment.178 In the first test, sodium chloride (1M
NaCl) salt was added to unprotected coated Ag nanoparticles. For the bare unprotected Ag
nanoparticles solution dark precipitates are observed after the addition of the salt, whereas the coreshell nanoparticles retained their bright yellow colour (Figure 4.22a). This illustrates the stability and
resistance of the polymer shell to the permeation of chloride ions. Indeed, BF-TEM images of the Agpolymer nanoparticles after the addition of NaCl show the presence of an intact polymer shell (Figure
4.23). A second stability test consisted of a harsh hot-air treatment. The solutions of unprotected and
protected Ag nanoparticles are deposited on a glass substrate. Initially both solutions have a similar
orange-like colour (Figure 4.22b). After the heat treatment at 105°C in the presence of air, a drastic
colour change can be observed for the unprotected Ag nanoparticles. This colour change, orange to
black, gives an indication of the occurrence of oxidation. Further characterization techniques to
demonstrate the occurrence of this oxidation step failed. For example, EDX measurements were
performed in order to detect the presence of oxygen. However, in both samples oxygen was detected
due to the presence of oxygen in one of the polymers PAA. On the other hand, the protected particles
retain the orange colour, which means that the polymer shell is acting as a protective barrier against
oxidation and will help retaining the plasmon properties.
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Figure 4.22: (a) Photographic images showing the effect of salt addition on unprotected Ag verses
protected Ag-L4 colloidal nanoparticles. (b) Images showing the effect of hot air treatment on
unprotected Ag versus protected Ag-L4 nanoparticles. Adapted from Asapu R. et al.

Figure 4.23: BF-TEM images of Ag-polymer core-shell nanoparticles after the addition of sodium
chloride salt. The polymer shell is not affected by the salt.

In order to verify the success of the strategy of Ag plasmon-enhanced semiconductor photocatalysis, a
time study can be conducted on the photocatalytic activity of the Ag-TiO 2 plasmonic systems towards
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the degradation of acetaldehyde in air. Therefore, TiO 2 substrates are modified with unprotected and
polymer protected Ag nanoparticles. HAADF-STEM EDX measurements confirmed the presence of
Ag on TiO 2 (Figure 4.24). Long term activity tests showed that Ag nanoparticles protected by a thin
polymer shell (Ag-L4) retained their activity enhancement of about 15% even after 16 weeks of
ageing in air.178

Figure 4.24: HAADF-STEM images and corresponding EDX elemental maps of (a) bare Ag
nanoparticles and (b) polymer encapsulated Ag nanoparticles Ag-L4. The elemental maps show the
presence of the Ag nanoparticles on the surface of the TiO 2 substrate.

The main added value of a thin conformal polymer shell is that it can prevent oxidation and
agglomeration of the Ag cores. Electron tomography in this work demonstrates that the LbL
envelopment strategy is in fact successful, which is in line with the long-term stable photocatalytic
activity of TiO 2 modified with such core-shell nanoparticles.
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4.8
4.8.1

Outlook
Inducing mechanism for photocatalytic enhancement

As illustrated in the previous sections, plasmonic metal nanoparticles can enhance the photocatalytic
activity. The level of enhancement is influenced by the optical properties of the metallic particles but
also by their interface with the semiconductor. Multiple enhancement mechanisms play an important
role in plasmon-enhanced photocatalysis. It is still under debate214–216 which of these mechanisms is
more dominant: the near-electric field enhancement of plasmonic nanoparticles or the charge
transfer.217,218 When an insulating shell is present, the effect of the near field enhancement can be
investigated. Application of metal-polymer core-shell particles with a conductive polymer shell in
photocatalysis, would give a clear idea about the effect of the charge transfer. By increasing the
polymer layer thickness, the near electric field can be suppressed in this system and only the influence
of the charge transfer can be evaluated. A comparison of both systems enables the investigation of
which mechanism is more dominant.

So far, the polymer layers that are described above are not conductive. This means that the polymer
shell resists the flow of any electrons/charges excited from the metallic nanoparticle or the other way
around from outside towards the metal core.

The synthesis of Ag nanoparticles encapsulated with a conductive shell could not be realized so far.
Therefore gold nanoparticles are considered instead of Ag nanoparticles. Using the LbL method it is
possible to encapsulate the gold core with an insulating (Figure 4.25) and conductive shell (Figure
4.26). Similar to the Ag encapsulation, the shell thickness is increasing with increasing number of
polyelectrolyte layers.
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Figure 4.25: BF-TEM images of (a) Au-L4, (b) Au-L8 and (c) Au-L12 and corresponding
distribution of the shell thicknesses.

The conductive shell is synthesized using a one-step, ‘mix and wait’ synthesis procedure219 using the
polymer polyaniline (PANI). BF-TEM images of the gold nanoparticles coated with the conductive
shell showing that the shell thickness is increasing when more polyelectrolyte layers are deposited
(Figure 4.26). These Au-PANI core-shell nanoparticles will be used in future photocatalytic activity
measurements in order to investigate the different enhancement mechanisms.
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Figure 4.26: BF-TEM images of (a) Au@PANI (30 min), (b) Au@PANI (90 min) and (c) Au@PANI
(180 min) and corresponding distribution of the shell thicknesses.

4.8.2

Investigation of the silver-polymer interface

The structure and organization of the polymer molecules at the surface of the Ag nanoparticles reveal
information about the coating process. Therefore, it is important to investigate the Ag-polymer
interface in more detail. In Chapter 6, this interface is investigated using high resolution TEM and exit
wave reconstruction.
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4.9

Conclusion

Ag-polymer core-shell nanoparticles are investigated using electron microscopy. The shell thickness
and homogeneity of these Ag-polymer nanoparticles strongly influence the properties of the material.
Therefore, it is crucial to verify and investigate the morphology and shell thickness. This is
challenging due to the sensitivity of the polymer shell towards the electron beam. In addition, the
polymer shell consists of low atomic number elements causing low electron scattering, which results
in a lack of contrast. The development of thin carbon support layers was required to visualize the soft
shell and the hard core simultaneously using BF-TEM. More advanced techniques such as HAADFSTEM and EDX resulted in a destruction of the polymer shell when multiple images were acquired. It
turned out, that BF-TEM was the only suitable technique to visualize the polymer shell without
changes in the polymer structure during the tomography experiment. Since the polymer shell consists
of low atomic number elements, the structure is very similar to biological material, where BF-TEM is
the conventional technique for tomography experiments. However, the contrast of silver nanoparticles
in BF-TEM originates from diffraction contrast. Despite the violation of the projection requirement
for electron tomography, BF-TEM projections of the Ag-polymer core-shell nanoparticles are used as
input for the 3D reconstruction. WBP reconstructions showed the presence of a complete polymer
layer around the particles. Therefore, the polymer shell can act as a protective barrier against
oxidation in photocatalytic applications. The influence of the polymer shell on the plasmonic
properties was investigated by low loss EELS. A small shift towards lower energy was observed with
increasing polymer shell thickness due to the increased core-shell particle size.

It was only by the visualization and characterization of the Ag-polymer core-shell nanoparticles that it
was possible to evaluate the morphology and structure and link these results towards the properties of
the photocatalytic systems.

The experimental parameters which are used to investigate these inorganic-organic core-shell
nanoparticles are summarized in Table 6.
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Experimental parameters
Sample preparation

Detector

Drop casting
Ultra-thin carbon film on top of
commercial Cu TEM grid.
TEM
STEM – short acquisition time
CCD

Voltage

200 kV

Screen current

0.6 nA

TEM Grid
Imaging mode

Table 6: Overview of the experimental parameters which are used for the investigation of Agpolymer core-shell nanoparticles.
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Chapter 5
The characterization of Janus
nanoparticles: how to distinguish two
different polymers in 3D.
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This chapter is based on:
Percebom A.M., Giner-Casares J.J., Claes N., Bals S., Loh W. and Liz-Marzan L.M., Janus Gold
Nanoparticles Obtained via Spontaneous Binary Polymer Shell Segregation, Chem. Comm., 52
(2016), 4278-4281.

The synthesis of the samples was carried out at CIC biomaGUNE in Donostia-San Sebastián in Spain.
I was responsible for the 2D and 3D TEM characterization and the sample preparation (staining
procedures) prior to the TEM measurements.
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5

The characterization of Janus nanoparticles: how to distinguish two different polymers.

In the previous chapter, soft and hard material of Ag-polymer core-shell nanoparticles could be
visualized and characterized using bright field TEM tomography. Such investigation becomes even
more challenging when nanoparticles are coated with two different polymers. In order to distinguish
and determine the position of the two different polymers, we applied optimized staining procedures
and used electron tomography to verify the 3D morphology.

5.1

Introduction

Nanoparticles displaying two sides of different chemical nature are called ‘Janus nanoparticles’, with
reference to the name of the Roman god of beginning and endings Janus, which is often illustrated as
having two faces. Different types of Janus particles exist. A few possible morphologies are illustrated
in Figure 5.1.

Figure 5.1: Overview of a few possible Janus particle architectures. Figure adapted from Walther A.
et al.220

Janus particles can have different or even opposite functionalities (e.g. hydrophobic and hydrophilic)
at the different hemispheres. The different functionalities result in fascinating properties, such as selfassembly of clusters and the possibility to response to multiple stimuli.221 Such functionalities can be
of interest toward a variety of technologies such as catalysis, emulsion stabilization, sensing and drug
delivery.222 For example, carbon–organosilica Janus nanoparticles located at oil-water interfaces can
improve the efficiency of catalytic reactions.223 Furthermore, Janus dumbbells have applications as
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emulsion stabilizers224 ,while mesoporous silica nanocomposites Janus particles can be used for dualcontrol drug release of ibuprofen and doxorubicin.225

In recent years, different preparation strategies for the synthesis of Janus nanoparticles have been
developed involving a masking step, self-assembly or phase separation (Figure 5.2).221 In the first
class, one part of the surface of the nanoparticle is made inaccessible to some reagent. Therefore,
chemical reactions and polymerization or functionalization steps, can only be carried out exclusively
on the other part of the nanoparticle’s surface.226 The advantage of this technique is that it can be
applied to virtually any type of material. For the second class of materials, self-assembly into Janus
nanoparticles can be obtained using polymeric micelles or mixtures of ligands.227–229 The third class of
materials, contains Janus nanoparticles formed by phase segregation. This technique has the
advantage to be able to produce rapidly a large amount of particles. The technique is based on the
phase separation of two or more incompatible components in a mixture solution. Either two different
polymers or inorganic components can be used.230–232 The samples investigated in this chapter are
prepared by phase segregation.

Figure 5.2: Illustration of the three main strategies to prepare Janus nanoparticles. Figure adapted
from Lattuada et al.221
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For a long time, demonstration of properties and applications of Janus nanoparticles was hindered,
especially for larger nanoparticles (> 7 nm), because of the lack of simple synthetic and
characterization methods that can unambiguously verify their formation and structure. Recently,
Percebom A.M. et al.188 presented a general synthetic method to prepare Au nanoparticles with Janus
character, based on the use of two immiscible thiolated polymers, which segregate into a
bicompartment shell. A single step synthesis is performed, not requiring the use of any templates,
chemical reactions (other than thiol-gold bonding) or further polymeric modifications. Janus
nanoparticles are prepared by simply adding citrate-capped Au particles to a dilute solution of two
incompatible thiol-terminated polymers in a common solvent. The mixing entropy in solution is lower
for polymers than for the corresponding monomers, so that phase separation may actually occur for
two incompatible polymers, even in a common solvent and at high concentrations.188 Thiol groups
readily bind to the particle surface, forming a polymer shell. The high local concentration of polymers
at the particle surface leads to segregation in the shell. This synthetic method can be applied to Au
cores of different sizes and coating polymers of varying chain lengths.

In terms of understanding the properties of the materials and their applications, it is important to
evaluate the morphology of the coated nanoparticles. In this chapter, the aim is not only to visualize
the polymer shell, but also to distinguish the two different polymers and to define their position. This
requires dedicated sample preparation. By applying optimized staining procedures, the Janus character
for gold nanoparticles coated by two different polymers is demonstrated through the use of electron
tomography.

5.2

Challenges for characterization by TEM

Characterization of polymer coated particles by electron microscopy is challenging due to the low
contrast of the organic materials. In the previous chapter, it was demonstrated that the type of the
supporting grid can be crucial when low contrast features have to be observed. In the attempt to
distinguish two different polymers and to define their position at the surface of the gold nanoparticle,
two main challenges are encountered. First, further contrast enhancement is necessary to
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simultaneously visualize the soft material of the polymer shell and the hard material of the core.
Moreover, we also need to be able to distinguish the two different polymers. Finally, a threedimensional characterization is required to correctly interpret the morphology.

5.3

Chemical structure of Au-PNIPAM/PEG nanoparticles

Nanoparticles, coated with polyethylene glycol (PEG) and poly(N-isopropylacrylamide) (PNIPAM)
are investigated. Both polymers are hydrophilic at room temperature, but PNIPAM shows a
hydrophilic to hydrophobic transition at a lower critical solution temperature of 32°C. This makes
PNIPAM a very useful polymer for biomedical applications such as drug delivery since the lower
critical solution temperature is close to the body temperature (37 °C).233 PNIPAM and PEG polymers
are built from low atomic number elements, i.e. carbon, oxygen, sulfur. PNIPAM has additionally an
amide group (Figure 5.3). It is expected that both polymers can be distinguished based on the
presence or absence of nitrogen.

Figure 5.3: Chemical structure of PNIPAM and PEG. Both polymers are built from low atomic
number elements, i.e. carbon, oxygen, sulfur. PNIPAM has additionally an amide group.
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5.3.1

Contrast enhancement for coated nanoparticles

Different strategies have been tested in order to enhance the contrast of the polymers. HAADF-STEM
imaging as well as analytical techniques such as EDX or EELS and BF-TEM in combination with
staining are investigated.

In HAADF-STEM images the intensity is proportional to the atomic number and the thickness. Gold
and the polymer, consisting of low atomic number elements, are expected to have a very different
intensity in HAADF-STEM images. In literature, it is illustrated that by adjusting the inner and outer
collection angles, it is possible to optimize the contrast.234

However, applying this technique to the Au-PNIPAM/PEG nanoparticles showed that the polymer
shell is very sensitive towards the focused electron beam. This was also observed in the previous
chapter. After a few acquisitions, the polymer shell expanded and finally disappeared (Figure 5.4).
For this reason, HAADF-STEM imaging could not be used for further characterization.

Figure 5.4: Subsequently imaging of a gold nanoparticle with polymer shell demonstrates the
sensitivity of the polymer shell towards the electron beam. The shell expands and finally disappears.
The contrast and brightness are adjusted for the visualization of the polymer shell.
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Other techniques that are often used to distinguish materials are analytical techniques such as e.g.
EDX. With this type of analysis, the chemical composition can be determined. Since PNIPAM has an
additional amide group in its chemical structure, the detection of nitrogen would indicate the presence
of PNIPAM. Unfortunately for Au-PNIPAM/PEG nanoparticles, the spectrum doesn’t show a clear
peak for nitrogen (Figure 5.5), which is critical to distinguish both polymers.

Figure 5.5: The EDX spectrum doesn’t show a clear peak for nitrogen. Therefore, EDX could not be
used to distinguish both polymers.

Another analytical technique that possibly allows the observation of the presence of nitrogen is
electron energy loss spectroscopy. When nitrogen is present, the nitrogen K-edge is expected to be
present at 401 eV in the spectrum.235 For Au-PNIPAM/PEG nanoparticles, the spectrum doesn’t show
the presence of the N-K edge (Figure 5.6). This means that the amount of nitrogen is too low and is
not detected in the spectrum. The interpretation would benefit from a longer acquisition time.
However, a longer acquisition was not possible, since the polymer shell was damaged by the electron
beam when imaged over a longer time.
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Figure 5.6: The EELS spectrum doesn’t show the nitrogen K-edge. The amount of nitrogen is
probably too low to detect above the noisy background.

In conventional bright field TEM images, the presence of a thin polymer shell could be observed
(Figure 5.7) for Au-PNIPAM/PEG coated nanoparticles when an ultrathin TEM grid is used, as was
suggested in the previous chapter. However, no distinguishable features could be observed for the
different polymers. Therefore, dedicated staining procedures have been tested to visualize the polymer
shell.

Figure 5.7: BF-TEM images. The Au-PNIPAM/PEG coated nanoparticles are deposited on an
ultrathin TEM grid. The thin polymer layer can be observed.
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It is known that biological or other soft materials such as polymers can be easily destroyed by an
electron beam due to radiation damage. When electrons interact with soft organic material, chemical
bonds may break and free radicals can be produced which sequentially cause secondary damage. One
way to reduce this damage is to use negative staining. With this method, reagents containing heavy
atoms such as osmium tetraoxide and uranyl acetate are added to the sample of interest. These heavy
atoms are less radiation sensitive and moreover they improve the contrast in the image. In this
technique, the background is stained, leaving the specimen untouched. Viruses236, dendrimers237,
nanofibers238, polymers219 and different other materials are successfully visualized using negative
staining.

Besides negative staining, also positive staining can help to visualize low contrast materials. The
samples are then incubated in heavy metal salt solutions that react with the cellular structures. In
comparison to negative staining where contrast was applied to the environment, with positive staining
the sample structure itself produces the improved contrast due to the heavy metal salt binding. For
example viral RNA is visualized by the use of lead citrate, while cytoplasmic proteins are emphasized
using uranyl acetate239.

Another method to stain materials is to ‘click’ specific molecules to the material of interest. Ideally,
these molecules have a characteristic element which can be detected using analytical techniques or
contain a heavier element which produces more contrast in BF-TEM images. In an attempt to
distinguish PNIPAM and PEG, PEG+PNIPAM coated particles were stained by adding specific
molecules and investigated with TEM. The staining procedure was performed similar to the protocol
described in Sinha-Ray et al.240 CuSO 4 (3 mM CuSO 4 .5H 2 O) solution was added to the sample
solution (ratio 1:1), the mixture was stirred shortly. The mixture was kept 2 hours. Next, the mixture
was diluted by adding an equal amount (as the mixture) of water. Finally, 3 μl of the solution was
drop casted on an UTF TEM grid. After the addition of CuSO 4 , a half shell was observed around the
gold nanoparticle (Figure 5.8).
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Figure 5.8: After the addition of CuSO 4 , a half shell is observed around the gold nanoparticle.

Also gold nanoparticles exclusively coated with PNIPAM and PEG were stained with CuSO 4 (Figure
5.9). PNIPAM-coated Au nanoparticles showed damage of the polymer layer upon electron beam
irradiation after a few seconds (Figure 5.9d). However, for PEG-coated Au nanoparticles the shell was
stable enough to withstand multiple acquisitions (Figure 5.9b). For nanoparticles coated only with
PEG, a complete shell was observed. Based on these observations it is expected that the PEG side of
the particle was stained when half a shell is observed (Figure 5.8). Initially, this was against the
expectations. Because of the nitrogen in the amide group of PNIPAM, a preferential binding of Cu to
the amide group was expected.240,241 However, since there are more Cu-O than Cu-N bonds, Cu-O
bonds seem to be preferential.242 Consequently the PEG side was stained.
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Figure 5.9: BF-TEM images of (a,b) Au nanoparticles coated exclusively with PEG and (c,d) Au
nanoparticles coated exclusively with PNIPAM. (a, c) shows the initial images and (c, d) shows the
images of the same particles a few seconds to minutes later. The stained polymer shell is stable for Au
nanoparticles coated exclusively with PEG (b), the stained polymer shell is unstable upon electron
beam irradiation for Au nanoparticles coated with PNIPAM.

Note that these images were 2D projections from a 3D object. In order to investigate the morphology
and uniformity of the stained polymer coating, electron tomography was performed.

5.3.2

Three-dimensional characterization of Janus nanoparticles

Using electron tomography, the 3D morphology of the stained Au-PEG and Au-PNIPAM/PEG
nanoparticles was investigated. It must be noted that the conventional technique for tomography in
materials science, HAADF-STEM, could not be applied due to the sensitivity of the polymer shell
towards the focused probe which is illustrated in Figure 5.4. These observations were similar to the
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sensitivity of the polymer shell in the Ag-polymer core-shell nanoparticles investigated in the
previous chapter. Instead, similar to the Ag-polymer particles before, Bright-Field TEM tomography
was applied. Images were acquired from -76° to +76°, with a tilt interval equal to 2°. Projections at
the outer tilt ranges and at 0° are shown in Figure 5.10 For these series, the results obtained using
weighted back projection were quite noisy. Therefore, the projections were reconstructed by the SIRT
(Simultaneous Iterative Reconstruction Technique) algorithm in the Astra Toolbox.243 This indicates
that the use of a specific reconstruction algorithm should be considered for different situations. The
obtained 3D reconstruction presented in Figure 5.10 still displays rather low contrast between the
shell and the background. In Figure 5.10 the outer gray shell is the edge of the volume selected for 3D
reconstruction. For stained Au-PEG nanoparticles, a complete polymer shell is observed in every
projection of the tilt series (Figure 5.10). Slices through the reconstruction and line profiles show the
presence of a complete shell in three dimensions.
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Figure 5.10: BF-TEM images at 0° and the outer tilt angles -76° and +76° of the tilt series. A
complete shell (indicated by arrow) is observed in every projection image. Slices through the
reconstructed volume in the middle row and line profiles in the bottom row show the presence of a
complete shell.

The shell of the stained Au-PNIPAM nanoparticles was not stable, which restricted the investigation
of these materials to 2D.

Similar to the stained Au-PEG nanoparticles, also Au-PNIPAM/PEG nanoparticles were investigated
using electron tomography. The obtained 3D reconstruction and the slices through the reconstruction
are shown in Figure 5.11. Manual segmentation based on line profiles in the orthoslices (xy-, yx- and
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zx-direction) could be carried out. This method provided a 3D reconstruction that clearly confirms the
formation of stained half-shells (Figure 5.11).

Figure 5.11: BF-TEM tomography for nanoparticles coated by PEG + PNIPAM and stained with
CuSO 4 . (a-c) Slices through the reconstruction show the presence of (a) a complete shell, (b) a half
shell and (c) the absence of a shell, around the particle (indicated by white arrows) dependent on the
position of the slice. (d) Corresponding line profiles. In figures e, f and g the segmentation is shown
on top of the orthoslices. The scale bar applies to all images.
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The experiment was repeated for multiple nanoparticles, all confirming the formation of a half-shell
after staining. The same method was applied to nanoparticles coated by two different polymers:
polyethylene glycol and polystyrene.

5.4

Investigation of Au-PEG/PS nanoparticles

In addition to Au-PNIPAM/PEG nanoparticles also coating by different polymers is investigated.
The position of polyethylene glycol (PEG) and polystyrene (PS) at the surface of gold nanoparticles
was determined. The main differences in the composition of these two polymers were the presence of
the ether group in PEG and the aromatic benzene ring in PS, illustrated in Figure 5.12.

Figure 5.12: Chemical structure of PS and PEG. Both polymers are built from low atomic number
elements.

5.4.1

Distinguishing polymers by selective staining

It is well known that osmium tetraoxide (OsO 4 ) preferentially reacts with amines, hydroxyl groups
and ethers by coordinating interaction. In addition, it was observed that a PEG solid was more
strongly stained by OsO 4 than a PS one, possibly by easy binding to ether bonds in PEG.244 In an
attempt to stain the PEG side of the Au-PEG/PS particles, the nanoparticles were stained with 3%
osmium tetraoxide aqueous solution for 30 minutes in a fume hood. The presence of OsO 4 was
confirmed using EDX. For Au nanoparticles coated exclusively with polyethylene glycol OsO 4 was
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observed around the particle, whereas for Au nanoparticles, coated exclusively with polystyrene,
OsO 4 was absent in the neighborhood of the Au particle. Also OsO 4 was observed in the surrounding
of Au-PEG/PS nanoparticles (Figure 5.13). Nevertheless no features that give the indication for a
Janus structure were observed.

Figure 5.13: BF-TEM images of OsO 4 stained (a) Au-PEG, (b) Au-PS and (c) Au-PEG/PS
nanoparticles. (d) EDX elemental maps of Os and Au.

Different staining solutions were tested. In literature245,246, the surface of calcium phosphate
nanoparticles was modified by conjugating it with poly(ethylene glycol) (PEG). Here, an attempt to
use calcium phosphate to stain PEG in PEG + PS Janus Au nanoparticles was carried out. From
standard TEM images it appeared that only one hemisphere of the Au nanoparticles was coated by a
thin layer (of PEG) stained with calcium phosphate, as indicated in Figure 5.14. However, this method
was not reproducible for all particles and different batches. Therefore, selective staining of the PS
shell could not be confirmed.
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Figure 5.14: BF-TEM images after calcium phosphate staining of PEG in PEG + PS Janus Au
nanoparticles. Half shells are observed.

Therefore, an alternative approach for indirect visualization of the ligand distribution was carried out,
based on the growth of silica over PEG-coated Au nanoparticles. Due to the high affinity of
polyethylene glycol by silica, PEG acts as a primer to promote silica condensation onto the surface of
the Au nanoparticle, forming a silica shell.247 Since PS is hydrophobic and does not allow silica
nucleation, the shell growth was expected to occur only in the parts of the nanoparticles that were
coated by PEG. Figure 5.15 indeed shows the formation of silica half shells over the Au nanoparticles,
confirming that PEG and PS segregate forming a bicompartment shell. The presence of a PEG and PS
bicompartment shell was also confirmed in three-dimensions using electron tomography. Figure 5.16
shows the projection images and the reconstructed volume.
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Figure 5.15: TEM images of 13 nm Au nanoparticles previously coated by PEG + PS after silica
growth. A silica half-shell has grown over the PEG-coated hemisphere of gold nanoparticles.

Figure 5.16: BF-TEM images at (a) 0° and (b) +60°. (c) Visualization of the reconstructed volume.

5.5

Enhanced cellular membrane permeability

The two sides of the Janus nanoparticles can carry multiple properties, which is of interest towards a
variety of technologies. For example, the enhanced cellular uptake of Janus nanoparticles was
demonstrated.188 An increased uptake of Janus nanoparticles coated with PEG + PS was observed in
comparison to nanoparticles coated only with PEG. It is expected that the possibility to establish the
Janus character on metallic nanoparticles and thereby enhancing the uptake of living cells, will have a
large impact on applications in the field of biomedicine.
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5.6

Conclusion

The Janus character of Au nanoparticles coated by two different polymers is investigated. In the
attempt to distinguish the two different polymers and to define their position at the surface of the gold
nanoparticle, different challenges are encountered. The challenges are based on the need for contrast
enhancement and a 3D characterization. Contrast enhancement is obtained using specific staining
strategies. A preferential binding of copper ions to the PEG molecules resulted in a specific staining
of the PEG side of the gold nanoparticles coated by PNIPAM and PEG. For gold nanoparticles coated
by PS and PEG, either by staining with calcium phosphate or silica growth over the PEG coated areas
resulted in the observation of half shells. The 3D characterization is performed using bright field
electron tomography. The 3D investigation of both, Au+PNIPAM/PEG and Au+PEG/PS show that
the type of staining that is used for the characterization should be considered based on the type of
polymers.

Knowledge about the acquisition and reconstruction of metal-polymer core-shell nanoparticles,
obtained in the previous chapter, enabled to visualize the soft and hard material of respectively the
polymer shell and the metallic core. Only after the optimization of the sample preparation by the
application of dedicated staining procedures, it was possible to distinguish the polymer and to
demonstrate the Janus character of different gold-polymers systems.

The experimental parameters which are used to investigate these Janus nanoparticles are summarized
in Table 7.
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Experimental parameters
Sample preparation

Imaging mode

Drop casting + staining
Ultra-thin carbon film on top of
commercial Cu TEM grid.
TEM

Detector

CCD

Voltage

200 kV

Screen current

0.6 nA

TEM Grid

Table 7: Overview of the experimental parameters which are used for the investigation of Janus
nanoparticles.
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Chapter 6
Visualization of surface ligands
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This chapter is based on
Claes N., Asapu R., Blommaerts N., Verbruggen S.W., Lenaerts S. and Bals S., Characterization of
silver-polymer core-shell nanoparticles using electron microscopy, Nanoscale, 10 (2018), 9186-9191

The synthesis of the Ag-polymer core-shell nanoparticles was performed at the sustainable energy, air
and water technology (DuEL) laboratory at the University of Antwerp. The synthesis of the gold
nanoparticles with surface ligands was carried out at CIC biomaGUNE in Donostia-San Sebastián in
Spain. The preparation of graphene oxide TEM grids was performed at EMAT. I was responsible for
the TEM characterization and exit wave reconstructions.
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6

Visualization of surface ligands

In this chapter, the first steps towards the visualization of surface ligands will be performed. The
visualization of surface ligands will lead to a fundamental understanding of the driving forces behind
the growth of nanoparticles and self-assembly and can therefore be considered as a major
breakthrough. However, the investigation of surface ligands is extremely challenging due to the high
sensitivity towards the electron beam and the lack of contrast. In this chapter, it is shown that the use
of dedicated supports and advanced detectors, together with an optimization of the acquisition of the
focal series, enable the reconstruction of the exit wave of metal nanoparticles encapsulated by
polymers and surface ligands. It is only by the reconstruction of the exit wave, and consequently the
recovery of the phase, that the atomic structure of gold nanoparticles coated by surface ligands can be
investigated.

6.1

Introduction

As introduced in the first chapter, nanoparticles have a large surface-to-volume ratio due to their
limited size. Hereby, the surface plays an important role in physical and chemical processes. By
introducing foreign molecules to the surface of a nanocrystal, the energy and reactivity of the crystal
surface can be changed. The molecules bound to the nanocrystal surface are called ‘surface ligands’.
The set of ligands attached to the nanoparticle forms a capping layer that screens and protects the
particle from its environment (e.g. pH extremes and colloidal stability). Surface ligands can control
nucleation and growth mechanisms during synthesis248,249 or can act as a template for assembly into
superlattices.250,251 Moreover, ligands can influence optical and electronic properties and provide new
functionalities such as biocompatiblity.252,253 For example, for PbS quantum dots (QD) coated by long
ligands, such as oleic acids, the photoluminescence of the QD was quenched. Ligands exchange with
shorter ligands, e.g. mercaptocarboxylic acids, enhanced the QD emission, whereas a complete
removal of the surface ligands resulted in a dramatic quenching of the photoluminescence.254

In general, surface ligands have an anchoring headgroup, such as sulphur, tied to the particle’s surface
and a hydrocarbon tail directed away from it as presented in Figure 6.1. Indeed, the strong interaction
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between e.g. gold and sulphur atoms drives free surfactants to bind tightly to the metal surface,
whereas a weaker van der Waals interaction between the hydrocarbon tails encourages dense packing
in an organic layer.252,255

Figure 6.1: Illustration of surface ligands (hexadecanethiol molecules) absorbed to a Au (111) facet.
The sulphur atoms are attached to the gold surface and the hydrocarbon tails are stretched and
directed away from the surface. Figure adapted from Boles M. et al.252

Surface ligands can be used to control the shape of nanoparticles via selective adhesion.253 Ligands
can selectively bind to specific crystal facets as illustrated in Figure 6.2. Hereby, the energy at the
crystal facet with ligands is reduced and the delivery of new reagents is blocked. Consequently, the
growth rate of that facet decreases. It is expected, that the ability to preferentially adhere to a specific
facet of a nanocrystal enables the growth of anisotropic particles such as discs and rods.256

Figure 6.2: Surface ligands can selectively adhere to a specific crystal facet. Hereby, the growth of
that facet is reduced relative to the other facets, leading to the formation of anisotropic particles, such
as discs. Figure adapted from Ling D. et al.253,256
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For particle synthesis, this approach of selective adhesion to specific crystal facets is commonly used
to prepare nanoparticles with different shapes and sizes. However, the driving forces behind the
growth of nanoparticles are not completely understood. So far, the effect of surface ligands is only
understood in an empirical manner. Therefore, the visualization of surface ligands would lead to a
better understanding and might be able to unravel the principles behind the growth mechanisms of
nanoparticles.

Nowadays, the nanocrystal surface can be characterized by different spectroscopic, scattering and
computational techniques. These methods provide information about the chemical bounds between
the nanocrystal and the surface ligands, the composition of the ligand molecules and the properties of
the capping layer itself (e.g. thickness and density). However, these methods are generally based on
measurements of multiple particles. Therefore, information at the single-particle level is hidden in
ensemble averages. To understand the interactions of a nanoparticle and its environment and the effect
of the surface ligands in these processes, it is required to investigate surface ligands at the singleparticle level at high resolution. In this chapter, strategies to visualize surface ligands by the use of
transmission electron microscopy are discussed.

6.2

Challenges for characterization by TEM

In the previous chapters, the characterization of coated nanoparticles was performed by TEM at the
nanoscale, which enabled the characterization of coating properties such as thickness and
homogeneity. This knowledge could be used to improve the coating processes. However, if we want
to understand the interactions of a nanoparticle and its environment and the effect of the surface
ligands in these interactions, we should investigate these materials at the atomic scale.

High resolution TEM (HRTEM) has shown to be a powerful technique to provide the atomic structure
of materials. However, the interpretation and quantification of HRTEM images is far from intuitive,
especially for non-periodic systems such as soft materials, polymers and ligands, investigated in this
thesis. Moreover, the surface ligands are highly sensitive towards the electron beam and appear as low
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contrast features in the HRTEM images. This sensitivity and the lack of contrast are difficult
challenges to overcome. The interpretation of the HRTEM images is hampered by the fact that only
the intensity, i.e. the square of the amplitude, of the electron wave is recorded on the CCD-camera.
Consequently, the phase information, an essential part of the electron wave is lost. The phase
represents the atomic structure of the material for thin objects. Therefore, the retrieval of the phase is
highly important. The phase can be recovered using holographic techniques. In this chapter, the use of
in-line holography or exit wave reconstruction is proposed. In addition, the optimization of the
acquisition technique and also the sample support is further developed.

6.3

Theory behind high resolution TEM

Prior to addressing the focal series reconstruction method in the attempt to retrieve structural
information about the investigated sample, the background of the image formation in the TEM is
presented.

Due to the wave-particle duality in quantum mechanics, the behaviour of electrons can be considered
either as waves or particles. In this chapter, the wave approach is considered. This means that each
electron is represented by a wave, which propagates downwards the microscope column. The electron
wave is focused by the electromagnetic lenses and deflected by the deflectors. Interaction between the
electron wave and the object, results in contrast in the final image. In 1873, Ernst Abbe, formulated
the theory of coherent image formation. He proposed that the image contrast is produced by coherent
interference between the zero-order and higher order diffracted beams from the specimen. To
illustrate this theory, a diffraction grating consisting of alternating transparent and opaque strips, is
considered (Figure 6.3). When the diffraction grating is illuminated by a parallel beam, the beam is
diffracted according to the periodicity of the lines in the diffraction grating and the wavelength of the
incident illumination. After focussing by the objective lens, the diffracted beams produce an array of
spots or a diffraction pattern in the back focal plane. Each diffraction spot in the back focal plane acts
as a separate source of secondary waves (Huygens principle) and the interference of these waves
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produce an image in the image plane.257 Actually, the diffraction grating is similar to a nanoparticle,
whereas the atomic columns represent the grating.

Figure 6.3: Illustration of Abbe’s theory of image formation. Figure adapted from Zuo. J. et al.257

Mathematically, the image formation can be described by the use of Fourier analysis. The wave
function 𝜓𝜓(𝑹𝑹) at the exit face of the object is a complex function with amplitude and phase. The wave

function is the solution of the Schrödinger equation:
−

ℏ2 2
∇ 𝜓𝜓(𝑹𝑹) + 𝑉𝑉(𝑹𝑹)𝜓𝜓(𝑹𝑹) = 𝐸𝐸𝐸𝐸(𝑹𝑹)
2𝑚𝑚

( 6.1 )

where 𝐸𝐸 is the total energy of the electron and 𝑉𝑉(𝑹𝑹) its potential energy inside the crystal. For fast

electrons (𝐸𝐸 > 50 keV), the relativistic effects associated with their motion should be taken into
account.258 To describe high-energy electron scattering, it can be shown that solving the Dirac

equations, which include the relativistic effects, is similar to solving the stationary Schrödinger
equation, provided that the electron wavelength and mass are replaced by their relativistically
corrected values.259

For simplicity, it is more convenient to continue the explanation in reciprocal space. Within this
representation, the amplitude of the diffracted wave in the direction given by the reciprocal vector g,
which corresponds to the spatial frequency, is given by the Fourier transform of the object:

175

𝜓𝜓(𝒈𝒈) = ℱ 𝜓𝜓(𝑹𝑹)

( 6.2 )

This means that the back focal plane of the objective lens is analogous to the Fourier transform (FFT)
of the object. The intensity of the diffraction pattern, observed in the back focal plane, is then given
by |𝜓𝜓(𝒈𝒈)|2 . For a crystalline and periodic object, this diffraction pattern will consist of sharp spots. In

the second part of the imaging process, the diffraction spots act as a set of sources of spherical waves.
These spherical waves interfere in the image plane. This process can be described by an inverse

Fourier transform:

𝜓𝜓(𝑹𝑹) = ℱ −1 𝜓𝜓(𝒈𝒈)

( 6.3 )

This principle is illustrated in Figure 6.4.105,260 Here, the recorded intensity in the image plane
is |𝜓𝜓(𝑹𝑹)|2 .

Figure 6.4: Illustration of the image formation and corresponding mathematical operations in a TEM.
Figure adapted from Van Dyck D. et al.105
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However, the electron microscope is not a perfect imaging system. The non-symmetrical
electromagnetic lenses introduce aberrations as was illustrated in chapter 2. The modification of the
wave function by the lenses of the microscope is given in real space by the convolution:

Φ(𝑹𝑹) = 𝜓𝜓(𝑹𝑹) ⊗ 𝑇𝑇(𝑹𝑹)

( 6.4 )

where 𝑇𝑇(𝑹𝑹) is called the contrast transfer function (CTF). The CTF describes how the amplitude and
phase of the wave function are transferred through the electron microscope In Fourier space, this
expression is written as
Φ(𝒈𝒈) = ℱ [𝜓𝜓(𝑹𝑹) ⊗ 𝑇𝑇(𝑹𝑹)] = 𝜓𝜓(𝒒𝒒) 𝑇𝑇(𝒒𝒒)

( 6.5 )

The contrast transfer function describes how the electron wave is transferred through the electron
microscope. When the electron beam (𝒈𝒈) passes the objective lens, it experiences a phase shift 𝜒𝜒(𝒈𝒈)
and amplitude reduction. The CTF is defined as:

𝑇𝑇(𝒈𝒈) = 𝐴𝐴(𝒈𝒈)𝑒𝑒 −𝑖𝑖𝜒𝜒(𝒈𝒈) 𝐷𝐷(𝛼𝛼, ∆, 𝒈𝒈)

( 6.6 )

where 𝐴𝐴(𝒈𝒈) describes the effect of the beam selecting aperture and 𝐷𝐷(𝛼𝛼, ∆, 𝒈𝒈) the damping envelope,
where 𝛼𝛼 is the convergence angle and ∆ the defocus spread as described below. The damping is

influenced by the spatial and temporal coherence. Spatial coherence is caused by the presence of an
imperfect parallel beam and described by the convergence angle, whereas temporal coherence
originates from an imperfect monochromatic incident electron beam. The temporal coherence is
described by the defocus spread. The defocus spread is mainly caused by the current instability of the
objective lens Δ𝐼𝐼, the overall energy spread of the incident electron beam Δ𝐸𝐸 and the fluctuation of
the voltage Δ𝑉𝑉.
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Δ = 𝐶𝐶𝐶𝐶 �4 �

2

Δ𝐼𝐼 2
Δ𝐸𝐸 2
Δ𝑉𝑉
� +� � +� �
𝐼𝐼
𝐸𝐸
𝑉𝑉

( 6.7 )

where 𝐶𝐶𝐶𝐶 is the chromatic aberration. The effect of chromatic aberration was discussed in chapter 2.

The phase shift from the CTF depends on the spherical aberration 𝐶𝐶𝑠𝑠 and the defocus 𝜀𝜀 and is given
by:

𝜒𝜒(𝒈𝒈) ≈

1
𝜋𝜋𝐶𝐶𝑆𝑆 𝜆𝜆3 𝑔𝑔4 + 𝜋𝜋𝜋𝜋𝜋𝜋𝑔𝑔2
2

( 6.8 )

where 𝜆𝜆 is the relativistic wavelength. Note, that the equation 6.8 is only an approximation. In fact,

also higher order astigmatism and chromatic aberrations will influence the phase shift, but defocus
and spherical aberration are the most dominant aberrations. The contrast transfer function and thus the
instrumental aberrations, determine the characteristics of an electron microscope. The effect of the
spherical aberration can be minimized using a specific defocus value. This optimum defocus value is
called the Scherzer defocus and is equal to:

𝜀𝜀 = −1.2 �𝐶𝐶𝑆𝑆 𝜆𝜆

( 6.9 )

At this specific defocus value, the transfer function displays a plateau with maximal width, as is
illustrated in Figure 6.5. The plateau indicates that a wide band of spatial frequencies is transferred by
the electron microscope. Within this range of spatial frequencies, aberration corrected HRTEM image
of a thin object can be directly interpreted. The first zero of the transfer function is generally defined
as the structural resolution of a TEM, called the point resolution. This point resolution gives the
smallest detail that can be directly interpreted. The point where the transfer function drops to the noise
level is called the information limit. At this point the electron microscope reaches the ultimate limit on
the transferred image information.
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Figure 6.5: Typical contrast transfer function for a microscope operated with acceleration voltage of
300 kV (FEG source) at the Scherzer defocus and a positive spherical aberration (~ 2 mm). The point
resolution and information limit are indicated by the arrows. The oscillating behaviour at the end of
the curve indicates the contrast inversion in the HRTEM images. Figure simulated and adapted by
ctfExplorer.

The contrast transfer function in Figure 6.5 shows an oscillating behaviour after the point resolution.
This oscillating behaviour was also observed in Equation 6.6 and is the reason why the atomic
positions in the image might appear dark or bright depending on the chosen defocus and the sign of
the contrast transfer function, as is illustrated in Figure 6.6.

Figure 6.6: HRTEM images of a gold nanoparticle at defocus (a) -12 nm and (b) +12 nm. The atomic
positions appear dark or bright.
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Another effect that hampers HRTEM quantification in the image is the presence of image
delocalization. Spherical aberration of the objective lens can introduce lateral displacement of spatial
frequencies in the image, called image delocalization. This displacement is largest for high spatial
frequencies such as edges of a particle or a crystal. In Figure 6.7 it is shown that lattice fringes can
appear in locations different from its true position. The delocalization fringes interfere with the lattice
fringes, which results in blurred edges and which complicates the interpretation. The defocus value at
which this blurring is minimized is called the Lichte defocus and is expressed as:

𝜀𝜀𝐿𝐿𝐿𝐿𝐿𝐿ℎ𝑡𝑡𝑡𝑡 = −

3
2
𝐶𝐶 𝜆𝜆2 𝑔𝑔𝑚𝑚𝑚𝑚𝑚𝑚
4 𝑆𝑆

( 6.10 )

With 𝑔𝑔𝑚𝑚𝑚𝑚𝑚𝑚 the highest transferred spatial frequency or the information limit of the microscope. For an

aberration corrected microscope, this optimal defocus lies close to the zero defocus.

Figure 6.7: The presence of delocalization at the edges of a polymer coated silver nanoparticle is
indicated by the arrows in a non-aberration corrected HRTEM image.

The final wave function and intensity recorded at the image plane are given by:
Φ(𝑹𝑹) = ℱ −1 [𝜓𝜓(𝒈𝒈) 𝑇𝑇(𝒈𝒈)]
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( 6.11 )

𝐼𝐼(𝑹𝑹) = |Φ(𝑹𝑹)|2

( 6.12 )

Note, that only the intensity of the image is recorded by the detector, whereas the phase of the image
is lost. The phase of the image contains the atomic structural information of the object. Recovering
the phase by holographic methods enables the deconvolution of the transfer of the electron
microscope and allows the reconstruction of the object wave.

High resolution TEM has shown to be very useful in the observation of structural details in materials
at the atomic scale. However, the interpretation of such HRTEM images is not straightforward. As
described above, the chosen defocus and the spherical aberration strongly influence the contrast in the
image. Therefore, HRTEM images are often compared with simulations.261,262 Comparison of the
experimental and simulated images results in the determination of the atomic structure. The
instrumental parameters and the structural model of the crystal structure are used as input for
simulations. Input parameters, such as defocus value and specimen thickness are often not accurately
known. For this reason, series of images with different specimen thickness and defocus values are
simulated and compared with the experimental image.260 The simulated and experimentally images
are compared visually, which makes the technique subjective. Another limitation of this approach is
the need of a good model. The development of models for complex structures, such as defects and
interfaces or molecules as surface ligands, is challenging. An alternative technique in the attempt to
obtain a direct interpretable high resolution image is holography. Off-axis electron holography263–266
and on-axis holography, also called exit wave reconstruction267–269 can be distinguished. In off-axis
holography, the beam is split using an electrostatic biprism into a reference beam and a beam that
crosses the object. In the image plane, interference of both beams yields fringes. The positions of
these fringes contain the phase information. On the other hand, exit wave reconstruction is based on
the acquisition of a series of images collected at different defocus values in order to retrieve the
complex exit wave. The images with different defocus values contain information about different
frequencies. This information can be used to reconstruct the exit wave. Both techniques allow
recovering the phase which enables the reconstruction of the whole wave function.
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6.4

Exit wave reconstruction by focal series reconstruction

Above, it was demonstrated that the image contrast, depends on the settings of the microscope (e.g.
defocus) and on the optical properties of the instrument (e.g. lens aberrations). In order to retrieve a
directly interpretable image, the exit wave function from the object should be reconstructed. The
atomic positions are of great value when connecting the structure and properties of materials, one of
the ultimate goals in electron microscopy.

Exit wave reconstruction is based on the acquisition of a focal series and consists of an experimental
step followed by a computational one. In the experimental part, a series of images is acquired such
that each image in the series has a different value of the objective lens defocus, as illustrated in Figure
6.8. In the computational part, the acquired series is processed and the exit wave function, which has
amplitude and phase, is reconstructed. By inverting the image formation process and hereby
eliminating the lens aberrations, such as spherical aberration, all information can in principle be
recovered up to the microscope’s information limit.267,270–272 Eventually residual aberrations, such as
astigmatism and coma, can be compensated by applying appropriate phase shifts.273

Figure 6.8: A series of images is acquired such that each image in the series has a different value of
the objective lens defocus. This focal series is used as input in the computational part.
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Many different software and algorithms, such as TrueImage274 (based on a method of maximum
likelyhood275), Mac Tempas (Gerchberg-Saxton algorithm276) and Digital Micrograph (Iterative Wave
Function Reconstruction technique277 and the Focal and Tilt Series Reconstruction278), are used to
perform this exit wave reconstruction.

The algorithm implemented in the TrueImage software is based on the consecutive treatment of the
data by the paraboloid reconstruction method (PAM) followed by the maximum likelihood method
(MAL).275,279,280 Within PAM, the linear and non-linear information, present in the image, are handled
separately. By selecting the linear terms a first retrieval of the phase and amplitude of the exit wave
function is obtained. This first guess of the amplitude and phase can be used as input for an iterative
nonlinear procedure, MAL, which improves the speed of the MAL calculations.275 Within the MAL
scheme, the object wave function is iteratively approached. The combination of PAM and MAL has
shown to be very useful in the determination of atomic positions of crystals and interfaces.269,281
However, the input parameters (e.g. reconstruction area, equidistal defocus step…) which can be used
in the software are restricted. This limits the use of the algorithm in more advanced experiments,
which will be illustrated further in this thesis.

Another well-known procedure is the Gerchberg-Saxton algorithm276 implemented in the XWave
software in MacTempas.282 In the first step of this algorithm, an initial guess for the wave function is
obtained by the multiplication of the amplitude of the experimental images and a random phase. Next,
the Fourier Transform of this initial wave function is calculated. The phases resulting from this
Fourier transformation are combined with the FFT of the experimental data, resulting in a new
estimate of the function at the reciprocal plane. Then, the inverse FFT is calculated and a new phase is
computed.95,276 The calculated and experimental images are compared and the error is minimized by
the repetition of the experiment. This software has the advantage to be more flexible in comparison to
the TrueImage software. For example the defocus step can be variable and there is no restriction in the
parameters (e.g. number of images and reconstruction area) and reconstructed area. Therefore, this

183

software, which recently became available at EMAT, is used for the more advanced experiments in
which we try to visualize the surface ligands.

Both, for TrueImage and XWave, the defocus step is estimated by a comparison of the calculated
images (backpropagation based on the initial guess for exit wave) with the experimental images. It is
expected that the amplitude of the exit wave is maximal at the correct defocus. Therefore, the image
amplitude is calculated for a range of focal values around the “assigned” defocus, i.e. the defocus
value given by the microscope during the acquisition. From this range, the defocus value for which
this amplitude is maximal is considered as the right defocus value. This procedure is repeated in an
iterative process.275,283,284 The difference between the software is how the software deals with this
calculated defocus values. The software TrueImage estimates a fixed defocus step by linear regression
and takes this fixed defocus step for every image in the focal series, whereas XWave uses the
individual optimized defocus values for the corresponding images in the series as is visualized in
Figure 6.9.

Figure 6.9: Result of the defocus step analysis for TrueImage and Xwave.

In order to visualize the surface ligands, the experimental conditions for the exit wave reconstruction
should be thoughtfully chosen. The experimental parameters used for the focal series acquisitions in
this thesis are described below.
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6.5

Focal series acquisition: experimental parameters

As described above, a series of images is acquired such that each image in the series has a different
defocus value. The question remains which defocus values should be present in the focal series.

The midpoint of the focal series should be the optimal defocus. For a 𝐶𝐶𝑆𝑆 aberration corrected

microscope, this optimal defocus lies close to zero defocus. In practise, this means that the focal series
is acquired symmetrically around the zero defocus in an aberration corrected microscope.

Focal series are often recorded with an equidistant focal spacing. The optimal defocus value 𝛿𝛿 can be
calculated from the information limit of the microscope (highest transferred spatial frequency):

𝑔𝑔𝑚𝑚𝑚𝑚𝑚𝑚 ≈ √𝜆𝜆𝜆𝜆 ⇔ 𝛿𝛿 ≤

1
2
𝜆𝜆 𝑔𝑔𝑚𝑚𝑚𝑚𝑚𝑚

( 6.13 )

For a microscope operated at 300 kV with 𝑔𝑔𝑚𝑚𝑚𝑚𝑚𝑚 equal to 1/80 pm, the optimal defocus is ≤ 3.2 nm.

When the microscope is operated at 80 kV with 𝑔𝑔𝑚𝑚𝑚𝑚𝑚𝑚 equal to 1/140 pm, the optimal defocus is ≤ 4.7
nm. Therefore, for the experiments performed in this thesis a focus step of 2 nm was used.

The range of defocus values 𝐿𝐿, of the series influences the lowest reconstructible spatial frequency
𝑔𝑔𝑚𝑚𝑚𝑚𝑚𝑚

𝑔𝑔𝑚𝑚𝑖𝑖𝑖𝑖

1
1
≈ �
2 𝜆𝜆 𝐿𝐿

𝐿𝐿 = (𝑁𝑁 − 1)𝛿𝛿

( 6.14 )

( 6.15 )

with 𝑁𝑁 the number of images in the focal series. The increase of the number of images results in a
decrease of the lowest reconstructible frequency. For a microscope operated at 300 kV (𝜆𝜆 = 1.97 pm),

with a focal step of 𝛿𝛿 = 2 nm and 𝑔𝑔𝑚𝑚𝑚𝑚𝑚𝑚 equal to 1.5 nm-1, the number of images in the series should
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be 𝑁𝑁 = 30. The range of defocus values 𝐿𝐿 is approximately 60 nm, which means that the series will be
acquired between +30 nm and -30 nm so that the zero defocus is in the middle.

The visualization of surface ligands is very challenging due to their extreme sensitivity towards the
electron beam and their low contrast. Therefore, first the organization of polymer molecules in
coatings was investigated by exit wave reconstruction. The polymer molecules were less sensitive
towards the electron beam in comparison to the surface ligands. Therefore, this intermediate step
allowed us to improve the parameters of the experiment and to gain insight in the difficulties in terms
of substrate and contrast with the aim to later tackle the more challenging visualization of the surface
ligands.

6.6

Atomic structure of polymer coating

In chapter 4, Ag-polymer nanoparticles were investigated by BF-TEM tomography. The shell
thickness and homogeneity of these Ag-polymer nanoparticles were determined and their optical
properties were studied. However, to fully understand and be able to give feedback about the coating
procedure, in this case the layer-by-layer technique, it is crucial to investigate the organization of the
polymer molecules at the atomic level.

It was observed that the size distribution of the polymers shells was rather broad in chapter 4. We
concluded that the layer by layer technique allowed controlling the shell thickness of the coating since
we observed an increasing thickness with a continuous growth of the shell with increasing number of
polyelectrolyte layers. However, the slight variations of shell thickness could not be explained.
Therefore, the organization of the polymer molecules at the interface with the silver nanoparticle was
investigated by high resolution TEM and exit wave reconstruction.

High resolution TEM images were acquired using an aberration-corrected cubed Thermo Fisher
Scientific Titan using a negative spherical aberration (𝐶𝐶𝑆𝑆 = -5 µm). Under these negative spherical

aberration conditions high contrast is observed.285 Focal series for exit wave reconstruction consist of
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30 images acquired with a starting defocus of 30 nm and an equidistant focal decrease of 2 nm. A few
HRTEM images of this series are shown in Figure 6.10. Reconstruction of the exit wave and off line
correction of residual aberrations was carried out using the TrueImage software.274 A drop of the
sample solution was deposited on a TEM grid coated with an ultrathin carbon film to improve the
contrast, similar as described in chapter 4.

Figure 6.10: HRTEM images out of a focal series with defocus (a) 16 nm, (b) -1 nm and (c) -27 nm.
Contrast inversion is observed.

From the reconstructed exit wave, the phase image can be extracted, which makes direct interpretation
of the atomic structure possible. Indeed, when the sample is sufficiently thin, the reconstructed phase
image is proportional to the projection potential, this means the projected atomic arrangement.269
Figure 6.11 shows the reconstructed phase images of a Ag-polymer Ag-L8 core-shell nanoparticle.
We conclude that the polymer molecules are oriented mainly parallel to the surface of the particle as
indicated by the white arrow in Figure 6.11b. Sometimes the polymer chains don’t attach linearly and
the next chain is attached to a side chain. This means that only one end is attached and the other end
can orient in different directions (black arrow). The next layer of polymer is built on this rough
surface. At the end, this might result in a deviation in shell thickness, which is observed before in
chapter 4 in the size distributions of the shell thickness.
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Figure 6.11: A focal series of 15 HRTEM images is used to perform exit wave reconstruction. Phase
images of the reconstructed exit wave of different particles show clearly the presence and position of
the polymer shell around the particles. The white arrow indicates the presence of parallel oriented
polymer chains, while the black arrow shows the presence of chains in different orientations.

The visualization of the polymer structure has led to more insight into the broad thickness distribution
of the polymer shell. In the remainder of the chapter, the technique is applied to gold nanoparticles
coated by surfactant molecules. The visualization of surface ligands is even more challenging due to
their extreme low contrast and their sensitivity towards the electron beam.

6.7

Investigation of surface ligands at the atomic scale

To investigate the driving forces behind the growth of nanoparticles, it is important to characterize the
surface ligands. Therefore, the visualization of surface ligands in relation to their position at the facets
crystal, ideally in 3D, is required. The reconstruction of the phase by exit wave reconstruction
provides information about the atomic structure of the material.

The contrast is improved by

optimizing the supporting TEM grid, whereas the degradation or any damage to the surfactant
molecules is avoided by optimization of the acquisition method. It is only by the optimization of the
188

contrast and the acquisition, that the surface ligands can be visualized. The strategy to visualize the
surface ligands is illustrated in Figure 6.12. The optimization of the support and acquisition are
explained in the rest of this chapter.

Figure 6.12: The first steps towards the investigation of the driving forces behind the growth of
nanoparticles are performed. By the use of exit wave reconstruction, the phase can be reconstructed.
The support and the acquisition should be optimized to improve the contrast and to avoid damage to
the surface ligands.

First, the experimental parameters used for the exit wave reconstruction of the Ag-polymer
nanoparticles are transferred to these samples and further improved by the optimization of the support
and the acquisition. Gold nanoparticles with surface ligands consisting of dodecanethiol (DDT) were
investigated using exit wave reconstruction. High resolution TEM images were acquired using an
aberration-corrected microscope operated at 300 kV using a negative spherical aberration (𝐶𝐶𝑆𝑆 = -7

µm). Similar to the Ag-polymer nanoparticles in chapter 4, the solution is deposited on a TEM grid
coated an ultrathin carbon layer to improve the contrast. A focus series of 30 images was acquired
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from +30 nm to -30 nm with a focus step of 2 nm. The middle 15 images of the series were used for
the reconstruction of the exit wave function in the TrueImage software. The reconstructed phase, after
correction of the residual aberrations, is shown in Figure 6.13. The phase image clearly shows the
atomic positions of the gold nanoparticle. However, the surface ligands could not be visualized. The
contrast produced by the surfactant molecules was not sufficient to transcend the contrast of the
supporting 3 nm carbon film. Moreover, the surface ligands are expected to be individual strings
instead of a dense layer as was observed for the Ag-polymer nanoparticle. To overcome this
challenge, the use of graphene (oxide) as support was investigated.

Figure 6.13: Reconstructed phase image of a gold nanoparticle with surface ligands dodecanethiol
(DDT). The solution is deposited on a TEM grid coated an ultrathin carbon layer. The exit wave
reconstruction was performed using the TrueImage software.

Graphene oxide has shown to be an ultra-low contrast support which can be of high interest for
HRTEM imaging of soft materials.286 However, the production of graphene oxide coated TEM grids
is not straightforward. Commercially available graphene (oxide) grids are often prepared by the use of
a transfer substrate such as poly(methyl methacrylate) (PMMA). An isolated graphene sheet is grown
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by chemical vapour deposition and transferred by the use of a thin PMMA layer to the target TEM
grid. Graphene oxide sheets are usually prepared using the Hummers method.287 Afterwards, the thin
PMMA layer is removed. However, often this removal of PMMA is not complete. To further improve
the removal of the PMMA residuals, the grid was heated at 120°C for 30 min. Still many residuals of
the polymer were observed on the TEM grid, as indicated in Figure 6.14.

Figure 6.14: The BF-TEM image of a commercial (TedPella) graphene grid shows the presence of
residual PMMA. Only a few clear areas are observed (indicated by the arrows). The grid was heated
at 120°C for 30 min to reduce the amount of PMMA before investigation.

To avoid an excess of polymers such as PMMA on the graphene (oxide) grid, a polymer free grid
preparation is proposed. Graphene oxide is commercially available as solubilized flakes in water. The
sizes of the flakes used for these experiments have a mean diameter of 22 μm. After deposition of the
flakes on a Quantifoil grid, the holes of the TEM grid are covered by the graphene oxide flakes.
Electrostatic attraction forces guide the deposition of the graphene oxide sheets.288 Precise control
over the deposition conditions can be obtained by tuning the solution properties, such as the pH.288

191

Ideally, a mono layer of graphene oxide is deposited. To avoid the overlapping of multiple flakes, the
graphene oxide preparation conditions and protocols should be optimized.

The final protocol289,290, whereby mainly monolayer and bilayer areas are observed with moreover a
high coverage of the empty holes is summarized:
•

Quantifoil grids are plasma cleaned (1 min, 80%, O 2 :Ar = 3:19) to make them hydrophilic in
order to spread the graphene oxide solution homogeneous.

•

The graphene oxide solution of water (600 μl) and graphene oxide flakes (60 μl, 2 mg/ml
solution, mean diameter 22 μm, dispersed in water, Sigma Aldrich-763705) is centrifuged for
15 s at 3000 revolutions/min.

•

Next, 3 μl of the graphene oxide solution is deposited and dried on the Quantifoil grid for 1
minute.

•

The excess of the solution is removed by a filter paper and the grid is washed 3 times with 20
μl of water. The grids are dried overnight.

Figure 6.15 shows a HRTEM image of a mono layer graphene oxide coated TEM grid. Due to its high
electron transparency, graphene oxide is a promising substrate for the examination of biological and
soft materials by electron microscopy.290
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Figure 6.15: Mono layered graphene oxide layer on a TEM grid. A limited amount of functional
groups is observed which can be reduced by heating the grid e.g. at 120°C for 30 minutes.

The graphene grids were produced by following the protocol described in Zhang et al.291 and Regan et
al.292 Different steps were considered during the polymer-free clean transfer method: the removal of
unrequired graphene on the other side of the growth substrate, the adherence of graphene upon the
target substrate, copper etching, sample rinsing and drying.291 Figure 6.16 shows a HRTEM image of
graphene coated TEM grid. In comparison to the commercial graphene grid (Figure 6.14), this
graphene layer is more clear and free of unwanted polymer residues. Note that the additional
structures visible in Figure 6.16 are present since the sample solution was already deposited on the
TEM grid.
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Figure 6.16: Double layer of graphene on top of a Quantifoil TEM grid.

Graphene (oxide) grids are sensitive to the electron beam irradiation. To avoid damage, low
accelerating voltages, e.g. 80 kV, are required. However, using low acceleration voltages, the use of
aberration correction microscopes is required to achieve atomic resolution.293 The resolution is further
improved by the use of a monochromator. In Figure 6.17 HRTEM images of gold nanoparticles
coated by long and short ligands (polyethylene glycol and silane), deposited on a graphene substrate,
are shown. Curly features, which represent the surface ligands, are observed around the gold
nanoparticles. Also ligands in the environment of the particles are observed due to an excess of
ligands in the solution.
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Figure 6.17: HRTEM images of gold nanoparticles coated by long and short ligands (polyethylene
glycol and silane) deposited on a graphene substrate.

Gold nanoparticles coated with cetyltrimethylammonium chloride, CTAC, deposited on a graphene
oxide grid were investigated using an aberration-corrected microscope in combination with a
monochromator. Focal series from +30 nm to -30 nm with a defocus step of 2 nm were acquired. The
phase images were reconstructed with the TrueImage software. The use of graphene oxide as a low
contrast support enabled the visualization of surface ligands as presented in Figure 6.18. For some
molecular chains even individual atoms could be observed. Moreover, when a graphene supporting
grid was used, the contrast of the lattice of the graphene could be removed in the final phase image.
The graphene grid was prepared using a polymer free transfer method as described in Zhang J. et
al.292,294 The focal series was reconstructed using the XWave software to enable post-processing
masking. In the FFT of the reconstructed phase image, the spots belonging to the graphene substrate
were masked, as is indicated in Figure 6.19. Calculating the inverse FFT, the phase image with
contrast corresponding to the sample, i.e. gold and surface ligands, is obtained.
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Figure 6.18: Reconstructed phase images of a gold nanoparticle with surface ligands CTAC. The
solution is deposited on a graphene oxide grid. The exit wave reconstruction was performed using the
TrueImage software.

Figure 6.19: Reconstructed phase image of a gold nanorod with surface ligands, i.e. silane and PEG.
The solution is deposited on a graphene grid. The exit wave reconstruction was performed using the
XWave software.
However, the acquisition of this series and recording on the CCD camera takes ~3 minutes, which is

sufficient time to change or destroy the ligands at the surface of the gold nanoparticles. With such a
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long acquisition time, there is no guarantee that the atomic structures we see in the phase images
represent the original structure and orientation of the ligands. The contrast of the surface ligands was
not completely as expected for citrate molecules. For citrate molecules, a more radial distribution was
expected, as was also indicated in Figure 6.1. The possible degradation of the ligands formed the
motivation to investigate such materials using lower electron doses. In order to record this low dose
images, more sensitive detectors are required.

To visualize the real structure of the surface ligands, a direct electron detector (Gatan K2) is used. The
direct electron detector opens possibilities to perform a faster acquisition using a lower electron dose.

To minimize electron beam damage, the current of the electron beam was strongly reduced (5
electrons per pixel per second). Hereby, the images appeared almost without any features as
illustrated in Figure 6.20a. Therefore, a stack of 10 images is acquired for every defocus value in the
focal series using the dose fractionated mode. The dose fractioned mode enabled the separation of a
single image exposure into multiple subframes. These subframes are summed after cross correlation
(binned data) and used as input in the exit wave reconstruction algorithm. This procedure is illustrated
in Figure 6.21. The alignment by cross correlation reduced any remaining sample movement and
improved the image quality. Focal series from +30 nm to -30 nm with a defocus step of 2 nm and 5
electrons per pixel per second (instead of ~ 115 electrons per pixel per second) are acquired and

reconstructed using the XWave software. Here, the XWave software provided more flexibility for the
input parameters. It is expected that small changes in defocus step will occur due to the rapidly
changing of the defocus. The XWave software optimizes the defocus value for each image in the
series and therefore, the slightly varying defocus value will be taken into account in the
reconstruction, in contrast to the TrueImage software were a fixed defocus value is considered.
Moreover, the number of images and the reconstruction area are more flexible to choose in the
XWave software.
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Figure 6.20: (a) Single image out of stack at defocus 14 nm. (b) Summed image without alignment.
(c) Summed image after alignment by cross correlation.

Figure 6.21: Illustration of the acquisition procedure using the direct electron detector. For every
defocus value in the focal series a stack of images is acquired. These images are summed after cross
correlation and used as input in the exit wave reconstruction algorithm.
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In this manner, gold nanoparticles coated by short (silane) and long (polyethylene glycol) ligands
were investigated. Figure 6.22 shows the reconstructed phases of two different particles for which
focal series were acquired using 3 electrons per pixel per second. In Figure 6.22, reconstructed phase
of gold nanoparticles coated by silane and polyethylene glycol are presented.

Figure 6.22: Reconstructed phase images of a gold nanoparticle with polyethylene glycol and silane.
The solution is deposited on a graphene oxide grid. The focal series was acquired using a direct
electron detector and the exit wave reconstruction was performed using the XWave software.

The script, written in Digital Micrograph, to perform the focal series acquisition, is based on a
sequential acquisition and saving of dose fractionated images. This means, a command to change the
defocus value is followed by a command to acquire and save the image. Next, a new command to
change the defocus is given. The total acquisition and saving time of the data took ~2 minutes. In
comparison to the 3 minutes of acquisition time using the normal CCD, the acquisition time is not
remarkably reduced. The largest part of the acquisition time is related to the communication between
the software and the microscope. The software needs time to send, process and execute the different
commands. Therefore, in future experiments, the acquisition time will be further reduced by changing
the acquisition method. Recently, we were able to acquire >400 images in only ~ a few seconds. With

a single command, the acquisition was started and simultaneously the focus was changed by the
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microscope. This means that in the series of 400 images, there will be images with a specific defocus
value, followed by a few images with changing defocus and again images with the next defocus value.
However, so far, there is no control about the link between the acquired images and the real defocus
value of these images. Solving this missing link, will enable the acquisition using a drastically
decrease of the acquisition time.

The experimental parameters which are used to investigate these nanoparticles coated by surface
ligands are summarized in
Table 8.

Experimental parameters
Sample preparation

Drop casting

TEM Grid

Graphene (oxide)

Imaging mode

TEM

Detector

Direct electron detector K2

Voltage

80 kV

Dose rate

~ 5 e-/px/s

Aberration C S

-4.4 μm

Aberration A 1

2.7 nm (82°)

Aberration A 2

29.3 nm (21 m°)

Aberration A 3

668.8 nm (17°)

Aberration B 2

23.4 nm (-79°)

Aberration S 3

1.1 μm (46°)

Table 8: Overview of the experimental parameters which are used for the investigation of gold
nanoparticles coated by surface ligands.

6.8

Outlook

The first steps towards the visualization of surface ligands were investigated by optimizing the
support to improve the contrast and moreover improving the acquisition and reconstruction methods
to reduce the damage caused by the electron beam. The degradation of soft materials by illumination
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of the electron beam has been the motivation to reduce the electron dose. Hereby, the use of direct
electron detector has shown to be crucial. The recent installation of this direct electron detector at
EMAT enabled the start of a new research area for, among others, beam sensitive materials.
Nevertheless, many improvements in terms of acquisition and processing the data are still required.

So far, the visualization of surface ligands was investigated in 2D. However, to investigate the
influence of surface ligands in the crystal growth by the selective binding to specific crystal facets, it
is necessary to visualize the surface ligands and relate their position to the facets of the crystal in 3D.

One of the methods to retrieve three-dimensional atomic structure from the reconstructed electron exit
wave function is based on a single projection. This method exploits wave propagation, based on the
channelling theory, to determine the exit surface of each atomic column.295 The channelling theory
states that every atom in a column of the material acts as a lens. After passing through a number of
atoms, the electron wave is focussed in a point which is called the extinction distance. With further
propagation, the electron wave starts to defocus, resulting in a periodical motion over the sample
thickness. The channelling theory provides the possibility to represent the complex exit wave function
in an intuitive manner by using the amplitude and phase values in an Argand plot, where the x- and ycoordinate corresponding to the real and imaginary value, respectively.295,296 Based on the Argand
plot, the mass of the atomic column (i.e. amount of atoms in a column) and the defocus can be
determined. In this manner a 3D model of the object can be obtained. However, this method assumes
that the material is homogeneous and the crystal structure is known.296 Recently, the application of
this technique was expanded and demonstrated in a theoretical study, for the reconstruction of nonperiodic molecular structures, e.g. randomly oriented oleic acid molecules.267

Although the 3D reconstruction based on 1 single projection is very promising, the approach might be
very challenging for more complex structures. For nanoparticles containing many facets and ligands
which are selectively bound to specific facets, 1 single projection might not be sufficient to
reconstruct the 3D morphology. For example discrete tomography based on simulated exit waves
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combined with the channelling theory showed the possibility to recover the shape of a modelled
particle as well as the position of the atoms from only three projections.297 The 3D atomic structure
can also be obtained by the use of compressive-sensing-based algorithms. For HAADF-STEM
tomography, this approach was demonstrated for the 3D reconstruction of the atomic structure of gold
nanorods based on a limited number of projection images.298 In the future, this method can be
exploited towards the 3D reconstruction in TEM for beam sensitive materials. Since, the phase of the
exit wave scales linearly with the sample thickness. Therefore, the phase images may be used as an
input for atomic resolution tomography.
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Part 2
Soft-hard composites
Soft and hard materials are often combined in hybrid composites. Hereby, the combination of the
interesting properties of on one hand the soft and on the other hand the hard materials provides the
hybrid composite with improved properties, which combine the best of two worlds. The investigation
of such soft-hard composites is far from straightforward because of various limitations, including the
collapse during sample preparation and the sensitivity towards the electron beam. Here, the
combination of advanced sample preparation techniques and optimized imaging electron microscopy
techniques enabled a (3D) characterization of different soft-hard composites.
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Chapter 7
3D characterization of helical protein
fibrils coated by Au nanorods
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This chapter is based on:
Kumar J., Eraña H., López-Martínez E., Claes N. , Martín V. F., Solís D. M., Bals S., Cortajarena A.
L., Castilla J. and Liz-Marzán L.M., Detection of amyloid fibrils in Parkinson’s disease using
plasmonic chirality, PNAS (2018), 201721690.

The synthesis of the samples was carried out at CIC biomaGUNE in Donostia-San Sebastián in Spain.
I was responsible for the 2D and 3D (cryo) TEM characterization.
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7

3D characterization of helical protein fibrils coated by Au nanorods

In this chapter, helical protein fibrils coated by Au nanorods were characterized using electron
tomography. The investigation of these materials is not evident since the soft-hard composites can
collapse, agglomerate and rearrange during sample preparation. Moreover, the beam sensitivity and
the lack of contrast of the soft material complicate the characterization in TEM. In this chapter, cryo
electron tomography is explored and applied to the material composites in order to minimize the
damage to the material. Cryo electron microscopy is a technique which is often used in the
characterization of biological materials. However, in this chapter it is demonstrated that cryo electron
microscopy is an appropriate tool to answer also materials science related questions. For example, the
link between the 3D morphology and optical properties could be investigated. This study shows that
the investigation of composites of soft and hard materials often requires optimized sample preparation
and imaging techniques.

7.1

Introduction

Au nanorods arranged in a helical structure are able to produce optical signals. For example, the
chirality can manifest itself optically via a different response to right- or left-handed circularly
polarized light.299 These optical signals can be used to detect amyloid fibrils that are usually
implicated in Parkinson’s disease and other neurodegenerative diseases such as Alzheimer. In this
section, the arrangement of the Au nanorods bound to protein fibrils is determined by cryo electron
tomography.

Proteins are complex molecules which play an important role in the human body and can have very
different functions. Proteins such as hemoglobin and myosin are present in the blood and the muscles,
respectively. Hemoglobin can carry oxygen and transport it through the body, whereas myosin is
responsible for the muscle contraction. Proteins consist of amino acids and can be present in many
different shapes and sizes. The shape of a protein is critical and determines its function. The presence
of chemicals or changes in pH and temperature may change the shape of the protein and create
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misfolded proteins. A misfolded protein will lose its function, which is called denaturation. The
denaturation can be either temporary and reversible or permanent.300

Misfolded proteins, which get organized into helical fibers, are called amyloid fibrils. This type of
structures is closely associated with various neurodegenerative diseases such as Parkinson and
Alzheimer.301 One of the features that these diseases share is the propagation of a specific protein that
does not fold properly and accumulates in the form of the amyloid fibrils (Figure 7.1).

Figure 7.1: (a) Folded proteins can (b) misfold and form (c) fibrils.

Since the common feature of these diseases is the presence of amyloid fibrils, the identification of
these fibrils, even at low concentration, is crucial in disease diagnosis and development of therapeutic
strategies. In the study described in this chapter, α-synuclein is selected as a model protein. αsynuclein is a protein which is abundant in the brain. Different methods to detect amyloid fibrils are
explored in the past. The addition of antibodies or dyes allowed detection of the protein fibrils, but
relied on changes in the physical properties and structure.302–304 On the other hand, spectroscopic
techniques (e.g. UV visible, circular dichroism, infrared and NMR spectroscopy) can be
performed.305,306 Recently, it was demonstrated that the formation of amyloid fibrils can be probed
using gold nanorods.307,308 The nanorods show no interaction with monomeric proteins but align
helically on the amyloid fibrils, resulting in an intense optical activity at the surface plasmon
resonance wavelengths. This optical signal is dependent on the arrangement of the nanorods around
the protein fibrils. The arrangement of the nanorods around the protein fibrils is investigated using
electron microscopy.
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7.2

Challenges for characterization by TEM

Investigation of these materials is far from straightforward because of various limitations, including:
collapse during sample preparation, lack of contrast, beam sensitivity, etc.
Typically, TEM sample preparation consists of drop-casting and drying a particle solution on a TEM
grid. This process may cause artefacts, especially when soft-hard hybrid materials are investigated due
to their very different properties.309–311 In order to minimize such damage to the material, different
sample preparation and acquisition techniques should be considered.

In addition, proteins are composed of elements with low atomic number. Consequently, electron
scattering, which generates thickness contrast, for such materials is weak. Therefore, it’s challenging
to obtain a high signal-to-noise ratio in the images.128,312 Moreover, these systems are extremely
sensitive to the electron beam. To overcome both challenges, cryo electron tomography, a technique
which is often used for biological materials is explored.

In this chapter, I will compare conventional and cryo electron tomography applied to helical protein
fibrils coated by gold nanorods. The ultimate goal is to determine the 3D arrangement of the
nanorods. The outcome of these experiments is of great importance since they can be used as a start
for theoretical optical calculations. The 3D arrangement of noble metal nanoparticles determines their
optical activity. It is expected that the optical activity observed from gold nanorods decorated fibrils
originate from a 3D helical arrangement of Au nanorods. By the comparison of simulated and
experimental circular dichroism spectra, one is able to prove that the observed optical activity arises
from dipolar coupling between adjacent nanorods arranged in a chiral pattern. Circular dichroism
spectroscopy measures differences in the absorption of right-handed versus left-handed polarized
light, which arise due to structural asymmetry.313,314 Therefore, the intense optical activity, resulting
from helically arranged nanorod assemblies, can be used for the detection of amyloid fibrils at very
low concentration.308

209

7.3

Deformation of the 3D morphology by HAADF-STEM imaging

Gold nanorods decorated fibrils were first studied by conventional HAADF-STEM. In the two
dimensional projections, a structure in agreement with a helix was observed (Figure 7.2c). In Figure
7.2, the HAADF-STEM images contain only contrast of the gold nanoparticles. The protein fibrils
could not be visualized using HAADF-STEM. Protein fibrils consist of elements with low atomic
number. Hereby, electrons are scattered to small angles after the interaction with the protein fibrils.
HAADF-STEM images in Figure 7.2 are formed from electrons, with scattering >150 mrad. In order
to retrieve the 3D structure, electron tomography was performed.

Figure 7.2: (a-c) HAADF-STEM images of Au nanorods decorated fibrils. (c) At higher
magnifications, a helical structure is observed.

HAADF-STEM projections were acquired from -60° to +70° with a tilt increment of 2°. The
projections were aligned by cross correlation and reconstructed using the SIRT algorithm
implemented in the Astra Toolbox.243 The reconstructed volume is shown in Figure 7.3 along different
orientations. In one direction, parallel to the TEM grid, a helical structure was observed. When the
reconstruction was oriented perpendicular to this helical structure, the structure appeared to be flat. In
this manner, we could confirm that the Au nanorods and protein fibrils appear to be collapsed on the
grid.
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Figure 7.3: Visualization of the 3D reconstructed volume along different perpendicular orientations.
The Au nanorods and protein fibrils are flattened. The QR code is linked to a 3D visualization.

These observations are against the expectations. It is expected that the protein fibrils of amyloid
structures have a 3D shape.315,316 Since the protein fibrils are deposited on a TEM grid coated with a
carbon film, the arrangement of the nanoparticles might be changed during deposition on the TEM
grid. In order to confirm or exclude this hypothesis, cryo electron tomography is performed.

7.4

Visualization of the 3D helical structure by cryo electron tomography

Cryo BF-TEM images show the presence of agglomerated fibrils (Figure 7.4a). Fibrils at the edges of
the agglomerates (Figure 7.4c) are suitable for a tomography experiment.
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Figure 7.4: (a-c) Cryo BF-TEM images. (b-c) Some fibrils are at the edges of the agglomerates and
therefore suitable for a cryo tomography experiment.

Figure 7.5 shows images at 0° before and after the acquisition of a tilt series without optimized
parameters. When the electron dose is sufficiently high, the protein fibrils can be observed as
illustrated in Figure 7.5a (indicated by the white arrows). However, we observed that the ice layer was
destroyed. Indeed, bubbles occur due to local heating by the electron beam and crystallized ice
appears in different areas (indicated by the grey arrows in Figure 7.5b) after the tomography series.
Moreover, the gold nanorods change orientation and position due to collapse of the proteins. This is
indicated by the black arrows in Figure 7.5a-b. Obviously these artefacts hamper a correct
reconstruction of the arrangement of the Au nanoparticles. Therefore, the optimization of the imaging
parameters (e.g. exposure time, electron dose) is crucial. Cryo BF-TEM images were acquired using a
Tecnai G2 Spirit BioTWIN microscope operated at 120 kV. The reduced electron current was
compensated by the use of a longer acquisition time of 1s to obtain sufficient contrast in the image.
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Figure 7.5: Cryo BF-TEM images at 0° (a) prior and (b) after the acquisition of a tilt series. The
white arrows indicate the protein fibrils. The grey arrows indicate areas where the ice layer is
destroyed (bubbles occur due to local heating by the electron beam) or crystallized. The change in
orientation and position of the gold nanorods is indicated by the black arrows.

After optimization of the imaging parameters, cryo BF-TEM projections were acquired from -60° to
+60° with a tilt increment of 2°. The projections are used as an input for the weighted back projection
reconstruction algorithm. The SIRT algorithm has shown to be less favourable for these
reconstructions due to the noisy data from the cryo BF-TEM images.136,317 The outcome of the 3D
reconstruction is visualized in Figure 7.6. Different orientations of the 3D reconstructed object
demonstrate that the Au nanorods and protein fibrils are organised in a double 3D helical structure
(Figure 7.6).
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Figure 7.6: 3D visualizations of the reconstructed object in different orientations perpendicular to
each other. The Au nanorods and protein fibrils are organised in a 3D helical structure. The QR code
is linked to a 3D visualization.

It is clear that by applying electron tomography, we were able to preserve the original 3D structure of
the 3D helix. Since the pitch and helicity of the fibrils determine the chiral surface plasmon response
(optical response) of the composite system, the reconstructed 3D fibrils were segmented and analysed
in more detail.

7.5

Analysis of the Au nanorods decorated fibrils

In order to simplify the interpretation of the helical structure, a segmentation was performed. The 3D
volume is divided in a front and back region. The nanorods located in the front are indicated in pink,
whereas the nanorods located at the back are indicated in dark red (Figure 7.7). In this manner, it is
clear that the experimental double helix makes a left handed twist.
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Figure 7.7: 3D visualization after segmentation. The nanorods positioned at the back are indicated in
dark red. The nanorods located in the front are indicated in pink. The obtained segmentation
corresponds to a left handed twist. The right images, shows a simulated helix of a left handed twist.

Based on the 3D visualizations, the gap between two consecutive nanorods (the interrod distance) and
the angle between two adjacent rods was measured. The distribution of the interrod distance, based on
69 measurements, is shown in Figure 7.8. The dominant interrod distance is 4 nm and the average
value is (13 ± 2) nm.

Figure 7.8: (a) The interrod distance, gap between two consecutive nanorods, is measured. (b) The
distribution shows a dominant interrod distance of 4 nm and an average value of 13 nm.
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Also the angle between two adjacent rods was quantified. The distribution, based on 37
measurements, is shown in Figure 7.9. Most nanorods are aligned nearly parallel to each other (172° –
180°). The average value is 155° ± 4°.

Figure 7.9: (a) Visualization of how the angle between two adjacent nanorods is measured. (b) The
distribution shows an average value of 155°.

The coordinates and morphology of the individual nanorods can be directly extracted from the
electron tomography rendering and can be used for theoretical simulations for the optical signal.
Circular dichroism spectra are simulated by electromagnetic modelling.308

Circular dichroism is exhibited by any system in a chiral environment and is observed when optically
active materials absorb left- and right-hand polarized light in a different manner. This difference can
be measured by a spectrometer. For the nanorods decorated fibrils, the interaction of two nanorods
introduces exciton and plasmon coupling. Therefore, the circular dichroism spectrum is bisignated
and positive or negative couplets can be observed for right- and left-handed helixes, respectively. A
positive couplet is defined as a positive peak followed by negative peak starting from higher
wavelength, whereas a negative couplet is defined as a negative peak followed by a positive
peak.318,319
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Based on the experimental electron tomography reconstructions, 30 different double-helix assemblies
were modelled, which each consisted of a sequence of 120 nanorods. Extinction cross-sections for the
collection of helical Au nanorods assemblies were calculated under the excitation of left- and righthanded circularly polarized plane waves. In Figure 7.10, the circular dichroism spectra of simulated
right- and left-handed helixes are compared with the helix rendering obtained by cryo electron
tomography. The simulated circular dichroism spectrum of the left-handed double helix match well
with the experimental spectra.308 The major difference between the simulated left-handed double
helix and experimental helix is the presence of multiple peaks in the spectrum of the latter. The
multiple peaks originate from the polydispersity introduced by the finite number of rods in this
particular fibril. However, the simulation results clearly show that even a polydisperse and finite
specimen like this can give rise to efficient circular dichroism signals.

Figure 7.10: Simulated circular dichroism spectra for (a) right-handed and (b) left-handed double
helices of Au nanorods (24 NRs in the helix) with interrod spacing of 4 nm. An experimental fibril
(morphology and position nanorods from 3D rendering) is shown in Figure c. (d) Experimental
circular dichroism spectra of Au NRs from healthy (black traces) and Parkinson disease-affected (red
traces) patients. Figure adapted from Kumar J. et al.308
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7.6

Detection of Parkinson disease

By investigating the synthesis of gold nanorods decorated fibrils, one is able to generate optical
response by the nanorods that can be used for the highly sensitive detection of amyloid fibrils. It is
found that gold nanorods do not interact with monomers of the protein α-synuclein but align helically
on the amyloid fibrils resulting from α-synuclein aggregation. This results in well-defined optical
signals in agreement with theoretical studies presented in Kumar J. et al. Figure 7.10d shows the
circular dichroism spectra of Au NRs monitored 30 min after the addition of 30 μL of purified brain
homogenates from healthy (black traces) and Parkinson disease-affected (red traces) patients. Intense
circular dichroism signals with negative couplet were recorded from the Parkinson disease sample.

In a recent study308, brain homogenates of healthy and Parkinson disease affected patients are
compared. After purification to obtain cleaner samples free from soluble proteins and other biological
moieties and the addition of gold nanorods, a clear shift in the optical signals is observed in case of
the Parkinson disease affected brain homogenates but not from healthy controls. This indicates that
gold nanorods have bound to the helical proteins which are present in Parkinson disease affected
samples, whereas the remained unbounded in healthy samples. These experiments clearly illustrated
the suitability of the addition of gold nanorods toward analysis of complex and realistic systems, such
as brain homogenates.
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7.7

Conclusion

Helical structures formed by misfolded proteins (Amyloid fibrils) are observed as a common feature
in the brains of people affected by various neurodegenerative diseases such as Alzheimer and
Parkinson. Therefore, it is highly important to detect these helical structures. Optical signals produced
by helical arranged nanoparticles enabled the detection of amyloid fibrils in Parkinson disease
affected samples. It was only by the 3D characterization of the gold nanorods decorated fibrils by cryo
electron tomography, that the helicity of the protein fibril could be investigated. Moreover, the
coordinates and morphology of the reconstructions could be used for calculations of optical
properties.

To investigate the helicity of the protein fibrils, the particle solution was drop casted and dried on a
TEM grid. Conventional HAADF-STEM electron tomography experiments showed that the Au
nanorods and protein fibrils were collapsed on the TEM grid. However, a 3D helicity for the protein
fibrils was expected. Therefore, the presence of a substrate was prevented by the use of cryo electron
microscopy. The sample was frozen by plunge freezing. Hereby, the protein fibrils decorated by gold
nanorods were embedded in a vitreous ice layer and investigated by cryo electron tomography. In this
manner, the 3D helicity of gold nanorods decorated protein fibrils could be visualized and
characterized. The obtained coordinates and morphology from the 3D reconstruction enabled the
simulation of optical signals in the attempt to characterize the optical response of helical arranged
gold nanorods.

The experimental parameters which are used to investigate the Au nanorod decorated fibrils are
summarized in Table 9.
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Experimental parameters
Sample preparation

Plunge freezing

TEM Grid

Quantifoil TEM grid

Microscope

Tecnai G2 Spirit BioTWIN

Imaging mode

Cryo TEM

Detector

CCD

Voltage

120 kV

Table 9: Overview of the experimental parameters which are used for the investigation of the gold Au
nanorods decorated fibrils.
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Chapter 8
3D characterization of gold
nanoparticles in permeable silica
nanocapsules
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This chapter is based on:
Sanchez-Iglesias A., Claes N., Solis D. M., Taboada J. M., Bals S., Grelczak M. and Liz-Marzan L.
M., Reversible clustering of gold nanoparticles under confinement, Angewandte Chemie International
Edition, 57, 12 (2018), 3183-3186.

The synthesis of the samples was carried out at CIC biomaGUNE in Donostia-San Sebastián in Spain.
I was responsible for the 2D and 3D (cryo) TEM characterization.
222

8

3D characterization of gold nanoparticles in permeable silica nanocapsules

In this section, gold nanoparticles confined within a silica shell are investigated in 3D. The gold
nanoparticles can change their position and distribution dependent on the type of solvent in which
they are stored. This enables reversible stimuli driven assembly/disassembly processes, which are of
high interest as e.g. colorimetric sensors (Figure 8.1). Colorimetric sensors are designed to measure
humidity or the presence of volatile solvents and small hydrophobic molecules.

The spatial distribution of the nanoparticles in the capsules determines the optical properties of the
system. Therefore, the 3D characterization of these materials is highly important. Using electron
tomography, the positions of the gold nanoparticles could be obtained for capsules stored in water and
tetrahydrofuran (THF). The coordinates gathered from the 3D visualizations enabled the simulation of
optical spectra, resulting in the understanding of the structure-properties relationship.

Figure 8.1: Photographs showing a capsule-functionalized glass substrate in THF (red) and in water
(blue). Exposure to THF, solution or vapour, resulted in an immediate colour change from blue to red
Figure adapted from Sánchez-Iglesias A. et al.
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8.1

Introduction

Colloidal nanoparticles are emerging as promising bio-sensing applications.320,321 Many applications
require particles that are soluble in (biological) fluids while remaining chemically and physiologically
stable. Polymer encapsulation is a suitable technique to provide stable soluble particles. For example,
particles can be encapsulated by using amphiphilic polymers to make them water soluble and avoid
aggregation in solution.322 The distribution of the encapsulated colloidal nanoparticles strongly
influences the optical properties of the system by the possible formation of so-called hot-spots, which
can be exploited for SERS imaging or optical sensing.323 The optical properties can be controlled by
controlling the amount and spatial distribution of the particles within the system.

In this section, gold nanoparticles confined in a mesoporous silica shell are investigated in terms of
their possible application in stimuli driven assembly/disassembly processes. Possible stimuli are
temperature, pH, magnetic fields and solvent composition and may be responsible for changes in
particle distribution. When using solvent composition as stimuli, particles will rearrange and therefore
change optical properties dependent on the type of solvent. Despite the wide variety of experimental
examples, the use of solvents as stimuli is hindered due to the volume changes during subsequent
assembly/disassembly cycles. Hereby, the particle concentration and kinetics change and lead to poor
reproducibility. In order to control solvent-induced self-assembly, the number of nanoparticles
involved in the process needs to be kept constant. The amount of gold nanoparticles is fixed by the
confinement within a permeable mesoporous silica shell. This results in a more constant number of
particles participating in the assembly/disassembly process and improves the reproducibility of
assembly/disassembly processes.

The type of solvent that can be used is dependent on the solubility of the polymer that is anchored to
the gold nanoparticles. In this study, the polymer polystyrene was used as capping layer. This polymer
is hydrophobic and immiscible with water. The solvent that will be used for the assembly/disassembly
process should be solubilising polystyrene and at the same time it should be miscible with water. The
solvents that fulfil these requirements are limited, for example THF, N,N-dimethylformamide (DMF)
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and N-methylpyrrolidon (NMP). In this study, THF was used as a solvent. In earlier studies, THF has
shown to be useful for the self-assembly of nanoparticles.324,325 The acquired knowledge and
experience using this solvent was used by M. Grzelczak et al. to develop further applications.326,327
When the gold nanoparticles coated by PS are in THF and water is added, self-assembly processes
take place driven by hydrophobic forces.328

Different electron microscopy techniques are used to investigate the spatial distribution of the gold
nanoparticles confined within the silica shell. Initially, the particles are encapsulated with polymers,
poly (styrene-b-acrylic acid) (PS 403 -b-PAA 62 ), during the synthesis. To investigate the stimuli driven
assembly/disassembly processes, the polymers are extracted. Capsules of gold nanoparticles, before
and after the polymer extraction, are investigated and characterized in 3D. A schematic overview of
the investigated samples is shown in Figure 8.2.

Figure 8.2: Schematic representation of the investigated capsules. From gold clusters in polymeric
micelles coated with silica shell, the polymer is extracted. Gold nanoparticles confined in a permeable
silica shell are obtained. Dependent on the solvent composition, in which the capsules are stored, the
particles are aggregated (water H 2 O) or dispersed (THF).
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8.2

Challenges for characterization by TEM

The characterization of soft-hard composite capsules is hampered by the rearrangement of the gold
nanoparticles due to capillary forces during the sample preparation. Moreover, the polymeric micelles
and silica shell are sensitive towards the electron beam and show a low contrast.

In general, TEM sample preparation is performed by drop-casting and drying a particle solution on a
TEM grid as mentioned in the previous section. For the gold nanoparticles capsules, obtained after
polymer extraction, this sample preparation procedure is no longer usable, since the distribution of the
gold nanoparticles in the capsule is dependent on the type of the surrounded solution. When the
capsules are dried on the grid and the solvent is evaporated, the distribution of the gold particles might
change because the capsules are no longer surrounded by the solution. To investigate the distribution
of the gold nanoparticles, the sample preparation should be optimized.

Moreover, as also seen in the previous chapters, for systems which consists of soft and hard materials
(elements with low and high atomic number), the characterization by TEM becomes more
challenging. HAADF-STEM imaging was often not possible in the previous chapters due to the
sensitivity of the soft material towards the electron beam. In comparison to polymers, silica is
fortunately more stable under the electron beam. Therefore, the capsules of gold nanoparticles could
be investigated using HAADF-STEM. However, a high difference in atomic numbers for the soft and
hard material leads to a large intensity difference in the HAADF-STEM images. When the intensity
difference is too large, some areas of the image can be either under- or oversaturated. Therefore,
optimized acquisition and more advanced reconstruction algorithms are used in the attempt to perform
a 3D characterization of the distribution of gold nanoparticles in different solvents.

8.3

Characterization of Au clusters in polymeric micelles coated with silica shell

First, the initial structures, capsules of gold nanoparticle clusters in polymeric micelles coated with a
permeable silica shell, are investigated. During the synthesis, polystyrene (PS) stabilized gold
nanoparticles are stored in THF. When water is added to gold nanoparticles in THF, the gold
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nanoparticles form clusters. Subsequently the gold nanoparticles are encapsulated within a polymeric
micelle (polystyrene-block-poly(acrylic acid)) and coated with a shell of mesoporous silica.

EDX elemental analysis is performed in order to investigate the distribution of the elements. From
Figure 8.3, it is clear that the gold nanoparticles are indeed encapsulated in a polymeric structure
(consisting of mainly carbon) coated by a silica shell.

Figure 8.3: STEM image and corresponding EDX elemental maps for Au, C, Si and O.

In the HAADF-STEM images, the gold nanoparticles can be observed without the presence of
diffraction contrast, but then the polymer and silica shell is hardly visible (Figure 8.4a). For these
images, the inner and outer collection angles of the HAADF-detector used during the acquisition were
150 mrad and 220 mrad, respectively. To optimize the contrast for the polymeric micelles and silica
shell, the ADF detector (inner and outer collection angles of 35 mrad and 125 mrad) could be used.
However, in this ADF image, shown in Figure 8.4b, diffraction contrast is present and caused by the
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crystalline nature of the gold nanoparticles. Moreover, the high contrast between the gold
nanoparticles and the silica shell causes additional artefacts, similar to the artefacts caused by fiducial
Au markers in biological tomography.329 The artefacts can be misleading and cause loss of
information.

Figure 8.4: (a) HAADF-STEM image and (b) ADF-STEM image of the same capsule. The HAADFSTEM images are used to visualize the gold nanoparticles, while the ADF-STEM images enable the
visualization of the polymers and silica shell. The presence of diffraction contrast is indicated by the
arrow.

When the collection angle of the detector is chosen, a compromise between optimal contrast and the
minimization of diffraction contrast is needed.234 Therefore, Sentosun K. et al.234 suggested a method
based on the acquisition of two tilt series: one with a low collection angle to obtain information of the
elements with low atomic number (e.g. polymeric micelles and silica shell) and a second series
acquired at higher collection angle such that the diffraction contrast is absent. To avoid a double
amount of incoming electrons and consequently having a higher chance to introduce beam damage,
the two series are acquired simultaneously. Modern electron microscopes enable the simultaneous
collection of (HA)ADF-STEM series by the use of different detectors. This means that two tilt series
can be acquired while keeping the electron dose the same as in the case of a single tilt series

228

acquisition. Both series can be used to reconstruct either the soft materials of the polymeric micelles
and silica or the gold nanoparticles.

Note that the ADF-series contains artefacts due to the diffraction contrast, which will hamper the 3D
reconstruction. In order to remove these artefacts, a masking and inpainting procedure234 is applied.
Figure 8.5 shows the principle of masking and inpainting. The pixels belonging to the Au
nanoparticles in the HAADF-STEM series were selected by applying a threshold. The selected pixels
were removed in the ADF-STEM series. Next, this masked region is inpainted which means that the
absent information is replaced by a new intensity value, which represents the continuation of the
texture of the surrounding area.330,331 In this manner, the artefacts due to the diffraction contrast are
reduced (Figure 8.6).

Figure 8.5: Schematic overview of the principle of masking and inpainting. Two series are acquired
simultaneously. The HAADF-STEM series is used as mask for the ADF-STEM series. Both, the
HAADF-STEM and the inpainted ADF-STEM series are reconstructed and combined in order to
retrieve the 3D reconstructed volume.
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Figure 8.6: Slices through the reconstructed objects using the (a) HAADF-STEM, (b) ADF-STEM
and (c) masked ADF-STEM images as input for the 3D reconstruction. The artefacts present in figure
b due to the diffraction contrast are removed after masking, as shown in the slice in figure c.

Both, the HAADF-STEM and the inpainted ADF-STEM series are used as input to reconstruct the
gold nanoparticles and polymeric micelles and silica shell respectively using the SIRT algorithm
implemented in the Astra Toolbox243. The tilt series were acquired from -76° to +72° with a tilt
increment of 2°. The combination of the two reconstructions retrieves the 3D visualization of the gold
nanoparticles encapsulated in polymeric micelles and coated with a mesoporous silica shell (Figure
8.7).

Figure 8.7: Reconstructed volume in different orientations (a) YZ, (b) ZX and (c) XY.
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In addition to the spatial distribution of the gold nanoparticles, also the pore size of the mesoporous
silica pore is estimated by measuring the distance between the peaks in the line profile as shown in
Figure 8.8. The average pore size, based on 50 measurements, is 4.0 ± 0.4 nm.

Figure 8.8: (a) STEM image with indicated position of (b) the intensity line profile. The average pore
size is 4.0 ± 0.4 nm.

The silica shell around the gold nanoparticles and polymers is porous and permeable. This
permeability is used to extract the polymers from the capsules. In this manner solvent composition
driven assembly/disassembly processes are investigated.

8.4

Changes in the Au nanoparticles distribution after polymer extraction

To extract the polymers, the capsules are brought in THF. Hereby, the polymer diffuses into the bulk
solution through the pores of the mesoporous silica. This yields hollow capsules filled with
hydrophobic nanoparticles (Figure 8.9).
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Figure 8.9: Formation of capsules through polymer extraction. STEM-EDX elemental maps, (a)
before and (b) after polymer extraction, show a decrease in the carbon signal.

It is expected that the capsules stored in THF will contain dispersed gold nanoparticles, whereas the
gold nanoparticles present in capsules stored in ethanol or water will aggregate. This change in
distribution is driven by hydrophobic forces. In this manner, alternative assembly/disassembly steps
can be performed by changing the solvent composition as illustrated in Figure 8.10. Clusters in THF
and water are investigated using electron tomography to confirm the spatial distribution of the
nanoparticles.

Figure 8.10: Alternative assembly/disassembly of gold nanoparticles by changing the solvent
composition from THF to water and vice versa. Figure adapted from Sánchez-Iglesias et al.332
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8.5

Aggregation of nanoparticles by sample preparation

When a drop of the solution is deposited and dried on a TEM grid, the particles are observed
aggregated for the different solvent compositions, THF and water (Figure 8.11). For clusters in water
this is expected. Electron tomography based on the combination of ADF-STEM and HAADF-STEM
tilt series, as explained in the previous section, is used to investigate the spatial distribution of the
nanoparticles. 2D projection images are acquired from -76° to +76° with a tilt increment of 2° and
reconstructed using the SIRT algorithm. Gold nanoparticles are observed aggregated and positioned at
one side of the clusters (Figure 8.12).

Figure 8.11: Nanoparticles in the clusters in (a) THF and (b) water appear to be aggregated.

Figure 8.12: (a) ADF-STEM image at 0° and (b-c) the reconstructed volume in different orientations.
The polystyrene capping agent is indicated by the arrow in figure b.
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Particles kept in THF are expected to be dispersed. However, ADF-STEM images show that the gold
nanoparticles are aggregated. Possibly the evaporation of the solvent and the drying on the TEM grid
during the sample preparation have influenced the distribution of the nanoparticles. Therefore,
different sample preparation strategies are investigated in order to obtain more knowledge about the
real distribution of the particles.

8.6

Different strategies for sample preparation

Different sample preparation techniques are investigated and compared in order to visualize the
capsules stored in THF with the gold nanoparticles in their original state. Freeze drying, cryo electron
microscopy and very fast removal of the excess liquid were explored.

Using the ‘freeze drying’ technique the sample is prepared in a similar manner as the procedure used
for cryo electron microscopy in the previous section. Using the Vitrobot, a drop of the solution is
added on the grid, consequently the excess of liquid is removed by blotting and finally the grid is
plunged into liquid ethane. Note that no water humidity was added for these experiments since the
presence of small amount of non-solvent or vapours can easily aggregate the nanoparticles. After
transport to liquid nitrogen, the grid is heated to room temperature in a controlled manner under
vacuum conditions in the environmental scanning electron microscope. This ‘freeze-drying’ technique
has shown to be beneficial for example to avoid deformations in assemblies.310,311

ADF-STEM images of the clusters stored in THF after freeze drying show the presence of aggregated
clusters. Rarely, slightly dispersed particles were observed (Figure 8.13). Therefore, no further
experiments, such as electron tomography, were performed and different sample preparation
techniques were considered.
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Figure 8.13: ADF-STEM images after freezing drying. Mainly the particles are aggregated,
exceptionally slightly dispersed particles can be observed (indicated by the arrows in figures b and c).

Rather than heating the sample in a controlled manner, it is also possible to investigate the sample
under cryo conditions. The frozen sample was investigated in the electron microscope at liquid
nitrogen temperature under low dose imaging conditions. As explained earlier, this technique enables
the investigation of the material in their native environment, here the THF solvent.

Ideally, the material of interest is located in the center of the hole of the Quantifoil grid, which is a
perforated support foil with a pre-defined hole size, shape and arrangement. At this position the ice
layer is expected to be the most thin and uniform. However, the clusters are mainly located on the
carbon film support of the grid and the gold nanoparticles appear to be aggregated again (Figure
8.14). In literature333, the maximum thickness of the ice layer is determined for different types of grids
and different positions on those grids. For a Quantifoil grid, similar to the grid that is used for this
experiment, the thickness of the ice layer inside the hole is around 115 nm. Since the capsules are
much bigger, the capsules experiences difficulties to be encapsulated and probably prefer to deposit
on the carbon support film.
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Figure 8.14: Cryo TEM images acquired under low dose imaging conditions. Aggregated particles
inside the clusters are observed.

Cryo electron tomography confirms the aggregation of the particles in the cluster. Moreover,
deformations due to deposition on the supporting carbon film are observed. Figure 8.15 shows an
elongation and the collapse on the grid.

Figure 8.15: (a) Cryo-TEM image at 0° and (b-c) the reconstructed volume in different orientations.
The structure is elongated and collapsed on the grid (c).

Based on all the previous observations, we could conclude that capillary forces during the drying on
the TEM grid cause the aggregation of the gold nanoparticles in the clusters. Therefore, we tried fast
removal of the solvent in order to prevent the particles from aggregation. The THF solution
containing the nanoparticles is drop casted on a TEM grid supported by filter paper. Immediately the
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excess of solvent is removed by the filter paper. Consequently, only a limited amount of nanoparticles
is observed on the TEM grid.

Clusters containing slightly dispersed nanoparticles are observed in the ADF-STEM images (Figure
8.16). Electron tomography is performed to obtain the spatial distribution of the particles in 3D.
HAADF-STEM and ADF-STEM projection images are simultaneously acquired from -60° to +60°
with a tilt increment of 2°. The images are aligned and reconstructed using the SIRT algorithm. The
visualization of the reconstruction is shown in Figure 8.17. From the different orientations, it is clear
that the gold nanoparticles are dispersed in 3D inside the silica shell.

Figure 8.16: ADF-STEM images show the presence of dispersed nanoparticles inside the clusters.

Figure 8.17: Electron tomography experiment after fast solvent removal. The reconstructed volume is
shown in different orientations.
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The Au nanoparticles are in contact with the edges of the silica shell. Note that the fluid is removed
during the sample preparation and that there is consequently no clear evidence that this behaviour
(sticking to the edges) would also be observed when the particles are in the solvent. In the future, for
example, experiments using liquid cells and dedicated microscope holders will be helpful to
investigate the capsules in their native environment.

The 3D coordinates from aggregated (Figure 8.12) and dispersed (Figure 8.17) nanoparticles extracted
from the electron tomography experiment are directly used as input for simulations of optical
properties. The simulated optical extinction spectra resemble the experimental absorbance spectra
(Figure 8.18).332 A local surface plasmon resonance (LSPR) shift is observed. For the simulated
spectra of capsules in THF, the LSPR maximum was located at 538 nm, while in water in was found
at 572 nm. The experimental absorbance spectra showed LSPR maximum peaks at 540 nm and 572
nm for THF and water, respectively. This shift of the LSPR maximum, based on the rearrangement of
the gold nanoparticles, resulted in a colour change. This colour change was observed for capsules in
water and THF (Figure 8.1). Therefore, these materials can be of interest for colorimetric sensors as
was indicated before.

Figure 8.18: (a) Simulated extinction spectra of clusters in THF and water. (b) Experimental spectra,
showing good correlation of the LSPR maximum positions. Figure adapted from Sánchez-Iglesias et
al.332
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8.7

Conclusion

Nanoparticles confined in a silica shell enable reproducible assembly/disassembly process with a
fixed amount of particles. This assembly/disassembly process is driven by the solvent composition. It
is expected that the nanoparticles aggregate in water, whereas they are dispersed in THF. By the use
of electron tomography, the spatial distribution of the gold nanoparticles could be determined.
Hereby, the assembly/disassembly processes based on solvent composition were visualized for
capsules stored in water and THF. The obtained coordinates of the gold nanoparticles inside the silica
shell, were used for the simulation of extinction spectra. The simulated extinction spectra were in
agreement with the UV/VIS/NIR absorption spectra and confirmed the assembly/disassembly process

To investigate the Au clusters coated with a silica shell, the particle solution was drop-casted and
dried on a TEM grid. This introduced artefacts due to capillary forces during the drying on the TEM
grid. Therefore, different sample preparation techniques were applied in order to retrieve, visualize
and characterize the original structure of the material. It was only by the use of the combination of
ADF and HAADF detectors and optimized reconstruction algorithms that we were able to visualize
simultaneously the silica shell and the Au nanoparticles in 3D. The spatial distribution of the
nanoparticles was determined by the use of electron tomography and the assembly/disassembly
processes were characterized.

The experimental parameters which are used to investigate these nanoparticles coated by surface
ligands are summarized in Table 10.
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Experimental parameters
Sample preparation

Fast removal of excess solution

TEM Grid

Conventional carbon coated Cu grid

Imaging mode

Voltage

STEM
HAADF-STEM detector
ADF-STEM detector
200 kV

Screen current

50 pA

Detector

Table 10: Overview of the experimental parameters which are used for the investigation of gold
nanoparticles in permeable silica nanocapsules.

240

General conclusions & outlook
By the use of optimized sample preparation, acquisition and reconstruction techniques, systems
containing both soft and hard materials were investigated. In this manner, we enabled the
characterization of coated nanoparticles and soft-hard composites in 3D. Different types of coated
nanoparticles were investigated. Determination of properties such as the presence, uniformity and
penetration depth of the coating by TEM and analytical techniques has led to the enhancement of
different coating deposition techniques. By the development of ultrathin supports, we could
simultaneously visualize metal-polymer core-shell nanoparticles. Dedicated staining procedures in
combination with electron tomography even allowed distinguishing different polymers at Au
nanoparticles and the determination of their position in 3D. Moreover, high resolution TEM in
combination with exit wave reconstruction enabled the first steps towards the visualization of surface
ligands. It was only by the optimization of the support and the use of dose limited and advanced
acquisition techniques, that we were able to overcome the lack of contrast and the beam sensitivity
towards the electron beam. The expansion towards 3D, together with further optimization of the
acquisition and processing of the data, will enable the investigation of different shaped nanoparticles
with different surface ligands, eventually at higher temperatures and pressure. This will lead to a more
fundamental understanding of the growth mechanisms and the thermal stability of a variety of
nanoparticles and their assemblies.
The investigation of composites of soft and hard materials was complicated by various limitations
(e.g. collapse during sample preparation, lack of contrast and beam sensitivity). Therefore, optimized
sample preparation and imaging techniques were required. Cryo electron microscopy has shown to be
beneficial to investigate materials in their native environment by encapsulating the sample in a layer
of vitreous ice. In this manner, the collapse of structures on the supporting TEM grid could be
avoided. It was only by the use of dedicated sample preparation, in combination with enhanced
acquisition techniques and optimized reconstruction algorithms that we were able to visualize
simultaneously soft and hard materials in hybrid systems.
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Summary
Nanoparticles are of high interest in many applications in different fields, not only because of their
peculiar properties resulting from their reduced dimensions, but also because they are promising
building blocks for complex nanostructures. When the particle size decreases, the surface to volume
ratio increases and therefore, the contribution of surface atoms becomes larger at the nanoscale.
Consequently, surfaces and interfaces start to dominate and control the properties of these
nanomaterials. The properties and applications of nanomaterials can be drastically modified by
applying surface coatings, which will promote the implementation of particles into commercial
products. An increase in the flowability, encouragement of growth and self-assembly and the
counteraction of oxidation are only a few examples of the functionalities that can be tuned in this
manner. To understand the structure-property relationship of the materials, it is important to visualize
and characterize the coated structures and their interface at the nanometer scale and below. However,
such studies are far from straightforward, especially for soft-hard composites due to the lack of
contrast and the sensitivity towards the electron beam of the soft material when being investigated by
TEM. In this thesis, coated nanoparticles and soft-hard composites were investigated using different
2D and 3D electron microscopy techniques.

First, a general introduction about coated nanoparticles and electron microscopy was presented. The
importance of nanotechnology, the use of nanomaterials and the need for surface modification were
discussed. Different methods to deposit and characterize the coatings were considered. Transmission
electron microscopy has shown to be a suitable technique to provide local information about the
surface and the interface of the coated nanoparticles. Therefore, the use of electron microscopy and
the extension towards a three-dimensional characterization using electron tomography were
extensively described.
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The first part of the thesis was devoted to the investigation of coated nanoparticles. Here, we started
with the investigation of micrometer sized particles with a nanometer sized coating, obtained by
plasma treatment and atomic layer deposition. Polyamide particles coated by SiO 2 and Al 2 O 3 and
aluminium oxide microspheres coated by SiO 2 and TiO 2 were studied and compared for different
coating deposition methods. The uniformity and the penetration depth of the coating determine the
properties of dense and porous materials, respectively. Therefore, the characterization of such coated
materials is highly important. Because of the various size ranges of the particle and the coating,
advanced sample preparation techniques, such as ultramicrotomy and FIB were necessary to visualize
and characterize the particles and their coating using electron microscopy. In a second study, Agpolymer core-shell nanoparticles were discussed. These nanoparticles are of high interest because of
their promising properties to enhance visible light activity in photocatalysis. Using electron
tomography and spectroscopic techniques, the soft shell and the hard core could be visualized and
characterized. The investigation of coated nanoparticles became even more challenging when
nanoparticles were coated with two different polymers. By applying optimized staining procedures,
the Janus character for Au nanoparticles coated by two different polymers was demonstrated through
the use of electron tomography. At the end of this part, the first steps towards the visualization of
surface ligands were performed. The support and the acquisition were optimized. By the use of a
graphene (oxide) support and a dose efficient acquisition, the ligands at the surface of gold
nanoparticles could be visualized. Exit wave reconstruction by the acquisition of a focal series,
enabled the reconstruction of the phase image, which represented the atomic structure. The
visualization of surface ligands will boost the fundamental understanding of the driving forces behind
the growth of nanoparticles and self-assembly.

In the second part, soft-hard composites were characterized in 3D. First, amyloid fibrils, which are
structures based on misfolded proteins that organize into helical fibers, are investigated. This type of
structures is closely associated with various neurodegenerative diseases such as Parkinson and
Alzheimer. After addition of gold nanorods, an intense optical activity was observed which could be
measured. In order to interpret such signals, the 3D morphology and helicity of gold nanorod
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decorated fibrils were determined using cryo electron microscopy. Finally, the spatial distribution of
the nanoparticles confined in a silica shell was determined by the use of electron tomography in order
to investigate the assembly/disassembly process driven by solvent composition in colorimetric
sensors. Only by the use of optimized sample preparation techniques and advanced acquisition and
reconstruction algorithms, we were able to characterize these soft-hard composites in 3D.
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Samenvatting
Nanodeeltjes zijn van groot belang in vele alledaagse toepassingen, niet alleen vanwege hun
uitzonderlijke eigenschappen als gevolg van hun kleine afmetingen, maar ook omdat deze
veelbelovende deeltjes bouwstenen vormen voor complexe nanostructuren. Wanneer de
deeltjesgrootte afneemt, neemt de verhouding van het oppervlak tot het volume toe waardoor de
bijdrage van oppervlakte-atomen groter wordt op de nanoschaal. De atomen aan het oppervlak
beginnen hierdoor de eigenschappen van deze nanomaterialen te domineren en beheersen. De
eigenschappen en toepassingen van nanomaterialen kunnen drastisch worden gewijzigd door het
aanbrengen van oppervlaktecoatings, wat de implementatie van deeltjes in commerciële producten ten
goede zal komen. Een toename van de vloeibaarheid, het verhinderen van oxidatie en het stimuleren
van groei en zelforganisatie in complexe structuren zijn slechts enkele voorbeelden van de
functionaliteiten die kunnen worden geoptimaliseerd. Om de relatie tussen de morfologie en de
eigenschappen van het materiaal te begrijpen, is het belangrijk om de gecoate materialen en hun
oppervlak op nanometerschaal te visualiseren en te karakteriseren. Dergelijke studies zijn echter verre
van eenvoudig. Vooral voor zacht-hard composiet materialen is dit onderzoek uitdagend vanwege het
gebrek aan contrast en de gevoeligheid voor de elektronenbundel van het zachte materiaal bij
onderzoek door TEM. In dit proefschrift werden nanodeeltjes met oppervlaktebehandeling en zachthard

composieten

onderzocht

met

behulp

van

verschillende

2D-

en

3D-

elektronenmicroscopietechnieken.

Eerst werd een algemene inleiding over nanodeeltjes, coatings en elektronenmicroscopie toegelicht.
Het belang van nanotechnologie, het gebruik van nanomaterialen en de noodzaak van
oppervlaktemodificatie werden besproken. Verder werden verschillende methoden voor het
deponeren en karakteriseren van de coatings aangehaald. Transmissie elektronenmicroscopie heeft
aangetoond een uiterst geschikte techniek te zijn om lokale informatie te verschaffen over het
oppervlak en het grensvlak van de gecoate nanodeeltjes. Daarom werd het gebruik van
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elektronenmicroscopie en de uitbreiding naar een driedimensionale karakterisering met behulp van
elektronentomografie uitgebreid beschreven.

Het eerste deel van het proefschrift was gewijd aan het onderzoek van gecoate nanodeeltjes. We zijn
gestart met het onderzoek van micrometer deeltjes met een nanometer dikke schil, welke verkregen
werd door plasmabehandeling en atomaire laagafzetting. SiO 2 en Al 2 O 3 omhulde polyamide deeltjes
en aluminium oxide partikels bedekt met SiO 2 en TiO 2 werden bestudeerd en vergeleken voor
verschillende oppervlaktebehandelingen. De uniformiteit en de penetratiediepte van de coating
bepalen de eigenschappen van homogene en poreuze materialen. Daarom is de karakterisering van
dergelijke omhulde materialen van groot belang. Door de zeer verschillende groottes van het deeltje
en de coating waren geavanceerde voorbereidingstechnieken zoals ultramicrotomie en FIB,
voorafgaand aan het bereiden van het specimen, noodzakelijk om de deeltjes en hun coating
gelijktijdig te visualiseren en karakteriseren met behulp van elektronenmicroscopie. In een tweede
onderzoek werden Ag-polymeer nanodeeltjes besproken. Met behulp van elektrotomografie en
spectroscopische technieken konden de zachte schil en de harde kern worden gevisualiseerd en
gekarakteriseerd. Het onderzoek van gecoate nanodeeltjes werd nog uitdagender wanneer
nanodeeltjes omgeven werden door twee verschillende polymeren. Door specifieke moleculen te
linken aan de polymeerlaag, werd het Janus-karakter voor Au-nanodeeltjes bedekt met twee
verschillende polymeren aangetoond door het gebruik van elektrotomografie. Tenslotte werden de
eerste stappen naar de visualisatie van oppervlakte-liganden besproken. Bovendien werden het
ondersteunende grid en de opname geoptimaliseerd. Door gebruik te maken van een grafeen(oxide)
grid en een gereduceerde dosis tijdens de opname, konden de liganden op het oppervlak van goud
nanodeeltjes gevisualiseerd worden. De gereconstrueerde uitgaande golf, door de opname van een
focus serie, maakte het mogelijk om het fasebeeld af te zonderen. Dit fasebeeld vertegenwoordigt de
atomaire structuur. De visualisatie van oppervlakte-liganden zal aanleiding geven tot fundamenteel
inzicht in de drijvende krachten achter de groei van nanodeeltjes en zelforganisatie in complexere
structuren.
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In het tweede deel werden combinaties van zachte en harde bestudeerd in 3D. Eerst werden amyloïde
fibrillen, structuren gebaseerd op foutief gevouwen eiwitten die georganiseerd zijn in spiraalvormige
vezels, onderzocht. Dit type structuren is nauw verbonden met verschillende neurodegeneratieve
ziekten zoals Parkinson en Alzheimer. Na toevoeging van gouden nanostaafjes werd een intense
optische activiteit waargenomen en gemeten. Om het gemetensignaal te kunnen begrijpen, werd de
3D morfologie en heliciteit van eiwit vezels bezet met nanostaafjes bepaald met behulp van cryoelektronenmicroscopie. Ten slotte werd de ruimtelijke verdeling van Au nanodeeltjes, opgesloten in
een siliciumdioxide omhulsel, bepaald door het gebruik van elektronentomografie. Hierdoor kon het
assemblage/demontage proces, dat aangedreven wordt door de samenstelling van het oplosmiddel in
colorimetrische sensoren, worden onderzocht. Het was enkel door het gebruik van geoptimaliseerde
specimen preparatie en geavanceerde opname en reconstructie technieken dat het mogelijk was om
deze zacht-hard composieten te bestuderen in 3D.
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