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I

Preface
Plasmonic and porous nanoparticles have attracted high interest during the last
years due to their unique properties of interest for numerous applications in different fields ranging from biomedicine to optoelectronics. The combination of these
structures opens up even more possibilities. Since the properties of nanostructures
are closely related to their three dimensional (3D) structure and morphology, the
rational design of nanomaterials strongly depends on the availability of quantitative 3D characterization tools. Transmission electron microscopy (TEM) is one
of the most suitable characterization techniques to investigate nanosystems at the
nanometer scale and below. However, images acquired by TEM only correspond
to a two dimensional (2D) projection of a 3D object. To overcome this limitation,
“electron tomography” is required. This technique enables one to obtain a 3D reconstruction of a nanomaterial using tilt series of 2D projection images. Although
the technique has progressed significantly in the last decade, a quantitative 3D
characterization of plasmonic and porous nanoparticles remains challenging. In
this thesis, I have applied electron tomography to a broad range of materials. For
the majority of the investigated systems, a 3D investigation was only possible by
developing innovative approaches for electron tomography. Especially the investigation of hybrid soft-hard systems (e.g. a plasmonic particle in a porous SiO2
shell) matter is extremely challenging. I therefore optimized the acquisition of
the tilt series and developed different new reconstruction techniques in the field of
electron tomography. It is only through the development of these new techniques
that I was able to investigate the hybrid metallic-porous structures in the thesis.
These novel methodologies are furthermore applicable to a broad range of investigations, e.g. to study materials that are very sensitive to the electron beam. My
contribution is therefore not only of importance in this thesis, but will certainly
be of great use in the field of (3D) electron microscopy and nanoscience in general.
In Chapter 1, an introduction on the different imaging modes in TEM is
presented, followed by a historical overview and the main principles of electron
tomography.
II

In Chapter 2, a 3D structural characterization of plasmonic Au nanostars
encapsulated in a Au shell is performed. The use of high angle annular dark field
scanning transmission electron microscopy (HAADF-STEM) tomography enables
us to characterize these nanoparticles in 3D and to elucidate on the internal gaps
between the Au nanostars and overgrown shell. The outcome of my experiments
facilitated a better understanding of the connection between the 3D structure and
the enhancement in the Raman intensity. This connection was also investigated
by electric field simulations which were based on the electron tomography results
I obtained.
Different plasmonic CuTe nanocrystals are investigated in Chapter 3. The
plasmonic properties of such CuTe nanocrystals originate from the presence of Cu
vacancies. By combining different 3D TEM techniques, we were able to visualize
atomic vacancies in 3D. This was only possible by the development of a new
reconstruction approach. The outcome of our experiment was used as an input for
density functional theory (DFT) calculations enabling to understand the influence
of the 3D structure on the optical properties.
In Chapter 4, a new quantification methodology, applied to porous Pt nanoparticles is presented. Hereby, a 3D procedure is developed which classifies the pores
either as chemically active pores or as chemically inactive cavities. Based on this
precise quantification, the influence of different electrodeposition voltages on the
nanoparticle porosity could be revealed. This is an important achievement since
so far, it was not straightforward to obtain porosity measurements at a local scale.
In Chapter 5, a methodology to investigate functional plasmonic-porous nanoparticles in 3D is presented. Because of their soft-hard structure, the characterization
of these hybrid nanoparticles is very challenging. An example of a hybrid nanostructure is a Au nanoparticle encapsulated by mesoporous silica (SiO2 ). Due to
the high atomic number difference of the different components, the data acquisition and reconstruction steps need to be optimized in order to characterize both
components in a reliable manner. I therefore proposed an approach which is based
on the simultaneous use of 2 ADF detectors. In addition I proposed a new approach to perform the 3D reconstruction in such a manner that remaining artifacts
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can be overcome. It is only because of the development of this new methodology
that I was able to investigate the nanostructures in Chapter 6. This proves the
importance of the new technique.
In Chapter 6, I applied the technique I developed in Chapter 5 to obtain a
better understanding of the growth of different Au morphologies encapsulated by
SiO2 . Because of the optimized characterization, we were able to visualize the
interface between the soft and hard compound. We were also able to reveal the
influence of the surfactant on the growth of ZIF-8 on Au@Ag nanorods. Due to the
anisotropic nature of the hybrid compounds, this information cannot be obtained
by conventional microscopy.
In Chapter 7, a methodology to obtain reliable 3D reconstructions based on
tilt series with a highly limited number of projection images is presented. The
methodology exploits the properties of Radon space, where a sinogram can be
decomposed into single sine waves. This methodology is of uttermost importance
to investigate beam sensitive materials, such as the hybrid systems in this thesis.
In the field of microscopy this methodology is of great use since conventionally, a
very large number of projection images is required for a 3D reconstruction. The
new approach is able to overcome this limitation.
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Voorwoord
Gedurende de laatste decennia is de belangstelling naar plasmonische, poreuze
en de hybride plasmonisch-poreuze nanomaterialen enorm gestegen vanwege hun
unieke eigenschappen die nuttig zijn voor talrijke toepassingen, gaande van medische biologie tot opto-elektronica. De eigenschappen van nanomaterialen zijn sterk
verbonden met hun driedimensionale (3D) structuur en morfologie, waardoor het
voor de ontwikkeling van nanomaterialen erg belangrijk is dat er methodes beschikbaar zijn die deze materialen kwantitatief in 3D kunnen karakteriseren. Een zeer
geschikte techniek om de morfologie tot op nanometer- en zelfs atomaire schaal te
bestuderen is transmissie-elektronenmicroscopie (TEM). TEM levert echter enkel
een tweedimensionale (2D) projectieafbeelding van een 3D object. Om deze beperking te overwinnen is elektronentomografie nodig. Deze techniek maakt gebruik
van een tiltserie van 2D projectieafbeeldingen om een 3D reconstructie te maken.
Ondanks de geboekte vooruitgang binnen de elektronentomografie in het laatste
decennium blijft de 3D karakterisering van plasmonische en poreuze nanodeeltjes
met behulp van elektronentomografie een uitdaging. In dit proefschrift heb ik een
grote verscheidenheid aan materialen onderzocht met elektronentomografie. Voor
het merendeel van deze materialen was een 3D onderzoek alleen mogelijk door
elektronentomografie te gebruiken in combinatie met een nieuwe innovatieve aanpak. Vooral de hybride zacht-harde materialen, zoals een plasmonisch deeltje in
een poreuze SiO2 schil, zijn een grote uitdaging om te onderzoeken. Daarom heb ik
de acquisitie van de tiltserie geoptimaliseerd en heb ik verschillende nieuwe reconstructietechnieken binnen de elektronentomografie ontwikkeld. Dit heeft er voor
gezorgd dat ik de hybride metallisch-poreuze structuren in dit proefschrift kon onderzoeken. Deze nieuwe methodes zijn bovendien toepasbaar bij veel verschillende
studies, zoals het onderzoek naar materialen die snel beschadigd raken door de
elektronenbundel. Mijn bijdrage is daarom niet alleen belangrijk voor deze thesis,
maar is ook van belang binnen de (3D) elektronenmicroscopie en nanowetenschap.
In Hoofdstuk 1 wordt een inleiding over de verschillende beeldvormingsmethodes in een TEM gegeven, gevolgd door een historisch overzicht met de beginselen
V

van elektronentomografie.
In Hoofdstuk 2 is een 3D structurele karakterisering gemaakt van plasmonische Au nanosterren die bedekt zijn met een Au schil. Doormiddel van tomografie
voor donkerbeeldvorming met een ringvormige detector (HAADF: high angle annular dark field) rastertransmissie-elektronenmicroscopie (STEM: scanning TEM)
kunnen deze nanodeeltjes in 3D gekarakteriseerd worden, wat het mogelijk maakt
om de interne holtes tussen de Au nanosterren en de overgroeide schil te onderzoeken. De resultaten van mijn experimenten zorgden ervoor dat de relatie tussen
de 3D structuur en de versterking van de Ramanintensiteit beter begrepen kan
worden. Deze relatie is ook onderzocht met behulp van simulaties van het elektrische veld waarbij mijn elektrotomografie resultaten zijn gebruikt.
Verschillende plasmonische CuTe-nanokristallen zijn onderzocht in Hoofdstuk
3. De plasmonische eigenschappen van dergelijke CuTe-nanokristallen ontstaan
doordat Cu-atomen niet overal in de kristalstructuur aanwezig zijn. Daarom zijn
verschillende 3D TEM-technieken gebruikt om de aan- en afwezigheid van deze Cuatomen in 3D te bestuderen. Dit was echter alleen mogelijk doordat een nieuwe
aanpak voor de reconstructie ontwikkeld is. De resultaten van ons experiment zijn
gebruikt als input voor dichtheidsfunctionaaltheorie (DFT) berekeningen om de
invloed van de 3D structuur op de optische eigenschappen te begrijpen.
In Hoofdstuk 4 wordt een nieuwe kwantificatiemethode gepresenteerd die
gebruikt is voor poreuze Pt-nanodeeltjes. Deze 3D procedure classificeert porin
als chemisch actief of als chemisch inactief. Op basis van deze precieze kwantificatie
is de invloed van verschillende elektrodepositiespanningen op de porositeit van de
nanodeeltjes gevonden. Dit is een belangrijke prestatie aangezien het tot nu toe
niet eenvoudig was om poreusheidsmetingen lokaal te verrichten.
In Hoofdstuk 5 wordt een methode gepresenteerd om functionele plasmonischporeuse nanomaterialen in 3D te onderzoeken. Vanwege hun zacht-harde structuur
is de karakterisering van deze hybride nanodeeltjes zeer uitdagend. Een voorbeeld
van een hybride nanostructuur is een Au-nanodeeltje bedekt met mesoporeus silica
(SiO2 ). Vanwege het grote verschil in atoomnummer van de verschillende componenten, moeten zowel de acquisitie als de reconstructie worden geoptimaliseerd om
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beide componenten op een betrouwbare manier te karakteriseren. Ik heb daarom
een benadering voorgesteld waarbij gelijktijdig 2 ADF detectoren gebruikt worden.
Daarnaast heb ik een nieuwe benadering voor de 3D reconstructie voorgesteld zodat de overblijvende artefacten overwonnen kunnen worden. De ontwikkeling van
deze nieuwe methode was noodzakelijk om de nanostructuren in Hoofdstuk 6 te
onderzoeken, wat het belang van deze methode aantoont.
In Hoofdstuk 6 gebruik ik de techniek uit Hoofdstuk 5 om de groei van
verschillende door SiO2 bedekte Au morfologien beter te begrijpen. Door de geoptimaliseerde karakterisering konden we een beeld vormen van de overgang tussen
de zachte en harde materie. Hiernaast konden we de invloed bepalen van de
oppervlakte-actieve stof op de groei van ZIF-8 op Au@Ag nanostaven. Door de
anisotrope aard van de hybride deeltjes kan deze informatie niet verkregen worden
door conventionele microscopie.
In Hoofdstuk 7 wordt een methode voorgesteld om betrouwbare 3D reconstructies op basis van tiltseries met een zeer beperkt aantal projectiebeelden te
verkrijgen. Deze methode maakt gebruik van de eigenschappen van de Radonruimte, waarin een sinogram kan worden ontbonden in verschillende sinusgolven.
Deze methode is uiterst belangrijk om bundelgevoelige materialen te onderzoeken,
zoals de hybride deeltjes in dit proefschrift. Binnen de elektronentomografie is deze
methode erg nuttig omdat normaal gezien een groot aantal projectieafbeeldingen
nodig zijn voor een 3D reconstructie. Deze nieuwe benadering kan deze beperking
overwinnen.
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Chapter 1
Introduction to Transmission
Electron Microscopy and Electron
Tomography

1

1.1. Introduction

1.1

Introduction

Materials which have at least one dimension ranging from 1 to 100 nm are referred
to as “nanomaterials”. Depending on the number of dimensions in the nanometer range, they are categorized as 2D, 1D and 0D nanomaterials or nanoparticles.
Nanoparticles with three confined dimensions are of specific interest since they
exhibit unique size dependent properties which serve as the basis for their applications. For example, an inactive metal, such as Au, is catalytically active for CO
oxidation when it is present in the form of a nanoparticle with a size of 2-3 nm
and dispersed on TiO2 or CeO2 [1]. Larger Au nanoparticles can, for example,
be used in applications such as cancer treatment and biomedical imaging. The
optical absorption as a physical property of the Au nanoparticles is highly shape
dependent and is different in comparison to the bulk property [2]. Here, the size
and shape of the nanoparticles are of great importance since these will determine
the resonance energy and hence the wavelength of the laser that should be used
to excite the nanoparticles for these applications. In Figure 1.1 a and b, surface
plasmon extinction spectra of Au nanorods with different aspect ratios together
with a representative image of a Au nanorod are displayed. It can be observed
that depending on the aspect ratio, the absorption maximum varies. For instance,
Au nanorods with an aspect ratio of 3.9 have an absorption maximum of 800 nm,
this range overlaps with the minimum of extinction of human tissues [3] which is
important for applications such as imaging of a cancer cell in living organisms.
Different functional nanomaterials are often combined in so-called multi- functional nanoparticles. For instance, porous materials such as mesoporous silica or
metal organic frameworks (MOF) are used in combination with Au nanoparticles
for optimized drug delivery due to their tunable pore sizes in nanometer-scale,
and well-defined surface properties [4–9]. Moreover, due to their high surface to
volume ratio, porous materials are of great importance for catalytic purposes. Especially, Pt nanoparticles with a dendritic morphology are ideal candidates for
highly efficient fuel cells.
The physical properties of nanoparticles are closely related to their composition,
2
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Figure 1.1: (a) Surface plasmon extinction spectra of Au nanorods of different
aspect ratios, showing the dependence of the strong longitudinal band on the
aspect ratios of the nanorod. The weaker transversal band can also be observed
which depends less on aspect ratio [3]. (b) A Au nanorod with an aspect ratio of
4.8.
size and shape. It is therefore of crucial importance to understand the structureproperty relationship in order to provide input for predicting their properties and
to guide the synthesis towards novel nanomaterials with specific properties. For
this purpose, transmission electron microscopy (TEM) is one of the most suitable
techniques. In the remainder of this chapter, an introduction to TEM is provided.

1.2

Introduction to Transmission Electron Microscope

The first TEM was built by Ernst Ruska in the 1930s. From top to bottom, a TEM
consists of an electron gun, condenser lens system, specimen stage, objective lens
and projection lens system. In a TEM column, electrons which are emitted from a
source are first accelerated and then directed to an electron transparent specimen
(thickness < 100 nm). Before reaching the specimen under investigation, the
3

1.2.1. Imaging in a TEM
desired size, intensity and convergence angle of the electron beam are obtained by
the lenses of the condenser system. A condenser aperture can be inserted to select
the electrons that follow a trajectory close to the optical axis of the microscope
in order to minimize the effect of the aberration caused by the condenser lenses.
Next, the electrons of the electron beam interact with the specimen, which is
mounted in a dedicated specimen holder. The objective lens, which is located
close to the specimen focuses the electrons after interaction with the specimen and
generates a diffraction pattern in the back focal plane of the objective lens (see
Figure 1.2). Afterwards, the diffracted beam disperses and forms the magnified
image in the image plane of the objective lens. Further magnification is achieved
by the projection lens system. The transmitted electrons are collected on a charged
coupled device (CCD) or a spectrometer which yields projections or spectra of the
investigated object.
In physical sciences, the electrons are accelerated to several hundred kV. Under
perfect conditions (without any lens aberrations), as the acceleration of the electrons increases, the wavelength of electrons decreases. Therefore, the resolution of
the microscope increases. The relation between the wavelength and resolution d
is given by:
d=

λ
2N A

(1.1)

with NA being the numerical aperture (dimensionless number which defines the
range of angles that an optical lens can receive or emit light) of the objective
lens. For a wavelength of 2-4 pm (300kV), a resolution in sub-angstrom levels is
reachable. However, due to existing aberration in the lens systems, the resolution is
limited to approximately 1 Å for a non-aberration corrected microscope. Therefore,
TEM is an excellent instrument to study nanomaterials at the nanometer and
atomic scale.

1.2.1

Imaging in a TEM

In a TEM, several imaging methods are present. All the techniques depend on the
type of interaction between the incoming electron beam with the investigated spec4
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imen. Selecting the proper imaging mode for an electron tomography experiment
is of crucial importance. Therefore, this section describes the different imaging
modes in a TEM.

1.2.1.1

Bright-field TEM

When using bright field (BF)TEM imaging, the sample is illuminated with a parallel electron beam (see Figure 1.2) and mainly elastically scattered electrons are
collected. BF imaging is dominated by two different contrast mechanisms: massthickness contrast and diffraction contrast. For mass-thickness contrast, denser
regions of the sample or regions with heavier elements present will scatter incoming electrons to higher angles. As shown in Figure 1.2, electrons scattered to high
angles are cut off by an objective aperture and therefore these regions appear dark
in the final image. When the sample is crystalline, scattering of the electrons
follows Bragg’s law [10]:

Figure 1.2: Illustration of mass-thickness contrast mechanism. The dependency of
the signal on the mass (thickness) from a sample with regions in different density
is shown. More scattering for the higher mass (thicker) regions results in darker
regions in the projection image.
5

1.2.2. Electron Diffraction
λ = 2dsinθ

(1.2)

where λ is the wavelength of the incoming electrons, d is the inter-planar spacing
of the atomic planes and θ is the angle of the incident electrons with respect to
the lattice planes. Depending on the angle (θ) between the electron beam and
the lattice planes, destructive or constructive interference may occur. A polycrystalline sample with grains of similar thickness, but with a different crystal
orientation, yields very different intensity levels in a BF-TEM image depending
on their zone axis orientation. This is useful to distinguish different regions of a
sample with different crystallinity.
1.2.1.2

High angle annular dark field - scanning transmission electron
microscopy

In high angle annular dark field scanning transmission electron microscopy (HAADFSTEM) mode, the electron beam is focused into a probe using the condensor lens
system. The probe is scanned across a region of interest and the scattered electrons
are integrated using a scintillation annular detector for each probe position (see
Figure 1.3). Nuclear scattering (incoming electron-nucleus interaction) establishes
the base of this imaging mode. Hence, the intensity of HAADF-STEM imaging
depends on variation in thickness and atomic number (Z1.6−2 ) [11]. Depending
on the scattering angle, the electrons can be detected using different detectors.
Electrons scattered to low angles are collected (< 10 mrad) using a BF detector,
between 10 and 50 mrad using an annular dark field (ADF) and electrons scattered
to angles higher than 50 mrad are detected using a high angle ADF (HAADF) detector. Light elements such as B or O can be detected using the ADF detector.
To image heavier elements such as Ag and Au the HAADF detector can be used.

1.2.2

Electron Diffraction

To obtain a diffraction pattern, a small region on a thin film or nanoparticle is
selected using a selective area electron diffraction (SAED) aperture. The diffraction pattern can be acquired by projecting the back-focal plane (see Figure 1.2)
6
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Figure 1.3: Schematic illustration of STEM imaging. A focused electron beam is
scanned over the sample and using the different detectors which are located below
the sample, electrons scattered to different angles are collected.
of the objective lens on a CCD camera. A diffraction pattern is formed when the
scattering of electrons from the lattice planes occurs in a constructive manner.
The electrons which are scattered from a crystal lattice generate a diffraction pattern as schematically illustrated in Figure 1.2. The spacing between the spots in a
given pattern corresponds to the inter-planar distances (d value in Equation 1.2)
in the crystalline material.

1.2.3

Spectroscopy in a TEM

In order to reveal chemical information about the investigated specimen, spectroscopy is performed using mainly two different methods, explained in the following sections.
1.2.3.1

Energy Dispersive X-ray spectroscopy

Energy dispersive X-ray (EDX) spectroscopy is based on the interaction of incoming electrons with inner-shell electrons of the specimen. This interaction results
in an excitation of an inner shell electron of an atom in the specimen to higher
energy levels, creating an electron hole. This hole can be filled by a higher energy
electron, which results in generating X-rays, Auger electrons and/or visible light.
Next, the hole is filled by a higher energy electron. The energy difference between
7
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two electrons is emitted as an X-ray [10, 12]. The generated X-rays are used in
EDX, which are characteristic for each atom type. Therefore, the use of EDX
enables elemental identification of nanomaterials. The emitted X-rays are measured with an EDX spectrometer. Quantification of the intensities from X-rays
from different elements yields the elemental concentration of the sample. Until
recently, the technique was not suitable for the detection of light elements (Z<8).
However, with the advances of new equipment, the detection range has enlarged
which allows one to acquire information from even lighter elements [13]. A new
EDX detector, ChemiSTEM SuperX, was introduced by Thermo Fisher company
and consists of four silicon drift detectors located in the specimen plane around
the specimen. A high count rate and resolution in comparison to conventional
Si(Li) detectors yield faster acquisition of the elemental maps.

1.2.3.2

Electron energy loss spectroscopy

Another analytical technique used in electron microscopy is electron energy loss
spectroscopy (EELS). The energy loss of the transmitted electrons can be detected
by the spectrometer which is located at the end of the TEM column. The electrons
scattered from the sample are directed into a magnetic field (see Figure 1.4), which
disperses the electrons based on the energy and a spectrum is recorded. Typically,
there are three different regions on the recorded spectrum: the zero-loss, low-loss
(2-50 eV) and core-loss region (>50 eV) [10, 12, 14]. The zero-loss peak consists
of nuclear and quasi-nuclear scattered electrons. The full width half maximum
of the zero-loss peak can be used to determine the energy resolution during the
experiment. The low-loss region yields information on the plasmon oscillation of
the valence electrons in the sample. The core-loss region of the spectrum, contains
information on the electron-electron interaction from the inner shells. Chemical
information on the sample is obtained using core-loss spectra. EELS with a good
energy resolution 150 - 200 meV yields information about the surface plasmon of
a metallic nanostructure in low-loss region [15] and valency states of the elements
in the nanostructure in the core-loss region [16].
8
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Figure 1.4: Schematic visualization of EELS where electrons with different energy
is dispersed using a magnetic field.

1.3
1.3.1

Electron tomography
General aspects of electron tomography

TEM is an ideal technique to study the structure and morphology of nanomaterials. However, by using conventional TEM, only two dimensional (2D) projections
of a 3D object are obtained. 2D projections may be sufficient for the investigation
of symmetric nanostructures, but may lead to unreliable results for highly asymmetric nanostructures. For instance, the pore network, distribution and size of
porous nanomaterials needs to be investigated in 3D. To perform such 3D studies, electron tomography is required. Electron tomography is a technique where a
3D reconstruction can be retrieved using a tilt series of 2D projection images. In
general, an electron tomography experiment consists of four steps: (i) the acquisition of a tilt series of 2D projections, (ii) the alignment of the series, (iii) the
reconstruction, (iv) visualization and/or quantification of the 3D structure.
In the first step, a tilt series of projection images of the investigated object is
acquired over an angular range that is as large as possible with an acquisition every
9
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1◦ or 2◦ . The acquisition is followed by the alignment of the successive images with
respect to a common tilt axis. In this step, the relative shifts and rotations between
successive images are reduced as much as possible. Afterwards, a mathematical
reconstruction algorithm is used to compute the 3D reconstruction. In the last
step, the result of the electron tomography experiment is visualized and analyzed.
A schematic illustration of electron tomography experiment and reconstruction
procedure is presented in Figure 1.5.

Figure 1.5: (a) Illustration of the tilting procedure (b) the visualization of the 3D
reconstruction from an object, the reconstruction is obtained by re-projecting the
tilt series using a a mathematical algorithm.

1.3.2

History of electron tomography

The first study of electron tomography was demonstrated in late 1960s in a paper by Derosier and Klug [17]. In this study, 3D morphological information was
retrieved from a single 2D projection. Later, Hoppe [18] showed that the combination of multiple projections from different orientations can be used to reconstruct
the morphology. Thereby, the idea of tilt series was introduced where one acquires
10
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a projection around a tilt axis. Since then, electron tomography was developed
first in biological applications and later on in materials science. The first application of electron tomography was developed in biology by reconstructing biological
macromolecules [19]. The application in physical science is more complicated due
to additional problems such as the “projection requirement”. The projection requirement states that to reconstruct the 3D structure of an object from its 2D
projections, a monotonic relationship is required between the image intensity and
mass-thickness of the investigated sample [20]. In crystalline samples, the presence of diffraction contrast in the projections violates the projection requirement.
Hence, BF-TEM imaging is avoided and HAADF-STEM imaging is preferred when
investigating nanostructures [20]. A more detailed explanation on the applicability of the image modes which were introduced in section 1.2.1, is presented in the
following section.

1.4
1.4.1

Practical tomography
Acquisition

In the first section, the applicability of different imaging techniques is discussed.
Next, different tilt schemes utilized in an electron tomography experiment will be
explained.
1.4.1.1

Imaging methods utilized in electron tomography

As discussed in the previous section, the images of a tilt series need to fulfill
the projection requirement in order to carry out a reliable electron tomography
experiment. Therefore, only a few techniques can be applied. In this thesis, two
methods were used and will be explained below.
ADF-STEM and HAADF-STEM imaging
(HA)ADF-STEM imaging is used extensively in electron tomography when investigating nanostructures [20]. As discussed in section 1.2.1, annular detectors
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with different collection angles can be used. In HAADF-STEM imaging, electrons
scattered to higher angles are collected, typically with a range of inner and outer
collection angle between 50-190 mrad. The intensity of the images is not dependent
on the crystallographic orientation, but is thickness and composition dependent
and therefore fulfills the projection requirement. Therefore HAADF-STEM became the most commonly used imaging mode in electron tomography experiments
of nanostructures. If the detector collects electrons which are scattered between
25-50 mrad, this imaging mode is known as ADF-STEM imaging. This method
can be an ideal tool to study amorphous materials or non-crystalline materials such
as C-based materials or mesoporous silica in 3D since they cannot be visualized
using HAADF detector due to a low scattering to higher angles.

1.4.1.2

Tilt schemes

As discussed in section 1.3.1, during the first step of an electron tomography experiment, a tilt series of projection images is acquired. Therefore, the nanostructure
under investigation is tilted with respect to the electron beam by the use of a
dedicated tomography holder. The limited space between the pole pieces of the
objective lens hinders the tilt range of conventional TEM holders. Projections over
±40◦ can be recorded using such holders which results in a large “missing wedge”
of information. Each projection in a tilt series corresponds to part of the object in
Fourier space, hence missing wedge of information leads to under-sampled Fourier
transform which results in degraded reconstructions. A more detailed explanation
of the relation between the Fourier transform of an object and reconstruction will
be provided in section 1.4.3. The presence of missing wedge should be minimized
during the acquisition. Therefore, dedicated electron tomography holders are designed which enable one to tilt over ±80◦ . A comparison between a conventional
TEM holder and a tomography holder is presented in Figure 1.6. The holder
depicted in Figure 1.6 b enables one to tilt over ±80◦ which results in a small
missing wedge of information. The tilt interval in a tilt series is determined by
the beam sensitivity of the investigated material. Typically, a tilt interval of 2-4◦
is used in electron tomography experiment. The influence of missing wedge on a
12
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Figure 1.6: (a)A conventional TEM holder and (b) a Fischione model 2020 a single
tilt tomography holder.
reconstruction is shown in Figure 1.7 by using a 2D Shepp-Logan phantom. The
Shepp-Logan phantom is a standard test image which serves as the model of a
human head in the development and testing of image reconstruction algorithms.
Phantom objects in different shapes can also be generated using MatLab. Due
to the presence of the missing wedge, an elongation of the features in the vertical direction can be observed in the reconstruction. Using dedicated holders, the
missing wedge can be minimized down to ∼20◦ and therefore the elongation is
reduced in the reconstruction (cf. Figure 1.7 c and d). The acquisition of the tilt

Figure 1.7: Influence of missing wedge in the quality of reconstruction. The tilt
range is depicted in the right top edge on the reconstructions.
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series can be performed: (i) automatically by the use of a software program or (ii)
manually. Explore3D is a commercial software which is used for the acquisition of
tilt series. Also different softwares have been developed for this purpose [21–24].
Single tilt axis acquisition
The most commonly used acquisition scheme is the single tilt axis acquisition.
Here, a constant angular tilt increment is used over an as large as possible angular
range. In some cases, however, thickness variation in slab geometries in the tilt
series are corrected by the use of a Saxton step increment where the tilt increment
is not constant through the tilt series. In Saxton schemes, the tilt interval is
smaller at higher tilt angles and larger at low tilts. Usually less projections are
acquired in Saxton scheme which can be an advantage for the characterization of
electron beam sensitive materials [25].
Dual tilt axis acquisition
A dual tilt axis acquisition scheme can be used to decrease the missing wedge. After
the acquisition of a first tilt series, a second tilt series from a tilt axis orthogonal
to the first series is recorded (see Figure 1.8) [26, 27]. Merging the series or
reconstructions results in a missing pyramid of information instead of a missing
wedge in Fourier space (see Figure 1.8 b) which results in lesser prominent artifacts
[26]. In practice, a dual axis acquisition can be obtained by the use of a dedicated
holder which can rotate its sample plane. The limitation of this approach is the
increase of beam induced damage on the specimen since two tilt series need to be
acquired.
On-axis tilt axis acquisition
An alternative acquisition method is called “on-axis tilt”, where a needle shaped
sample is tilted over a full range of ±90◦ by the use of an on-axis tomography
holder [28, 29]. The preparation of such needle-shaped sample is performed by
the use of a focused ion beam (FIB). The possibility of the acquisition of a full
14
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Figure 1.8: (a) The illustration displays the sampling of data in Fourier space. The
limited range of tilt leads to a missing wedge (displayed in gray), θ here represents
the tilt interval and α the tilt range, (b) the missing wedge is reduced by dual axis
tomography to a missing pyramid (shown in green).
range tilt series eliminates any missing wedge artifact and severely improves the
quality of the 3D reconstruction. However, the main challenge for this technique
is the sample preparation where one needs to avoid ion beam damage during FIB
milling. Additionally, the preparation of needle-shaped samples for nanoparticles
remains challenging [24].

1.4.2

Alignment

After the acquisition of the tilt series, the projections need to be aligned with
respect to a common tilt axis. Since tilting the tomography holder during the
acquisition is obtained by mechanical rotation, the object may shift vertically and
horizontally in the field of view. The investigated structure is therefore tracked
back into the field of view after each tilt, which results in remaining shifts between
the successive projection images. The alignment procedure after the acquisition
includes two steps.
The first step is to correct the lateral and vertical shifts of the object between
consecutive projections. This can be done by cross-correlation which is a degree
of resemblance of two image as a function of the alteration of one relative to the
15
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other. In Figure 1.9, two successive HAADF-STEM images from a tilt series and
their corresponding cross-correlation are depicted. The position of the maximum
intensity peak in the cross-correlation image corresponds to the relative shift between the two projections. Usually, this peak intensity is blurred due to noise in
the images (see Figure 1.9 c) and therefore applying a filter is useful to extract
its position. The cross-correlation peak after image filtering is presented in Figure
1.9 f.

Figure 1.9: Schematic visualization of the cross-correlation process. Two consecutive images of a tilt series are depicted in (a) and (b) and the corresponding
cross-correlation peak is presented in (c). The use of a Sobel filter (d-f) enables
one to locate the cross-correlation peak in a more reliable manner.

The next step of the alignment is the so-called tilt axis adjustment. In this
step, the direction of the tilt axis is adjusted in order to correspond to the experimental tilt axis and to reduce the arc-shaped artifacts in the final reconstruction.
In each experimental case in this thesis, the alignment is performed using a commercial program, FEI Inspec3D. Slices through a reconstruction of a misaligned
and properly aligned tilt series are given in Figure 1.10. The arc-shaped artifacts
are highlighted with blue arrows in (a) and (c).
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Figure 1.10: Illustration of the effect of misalignment of the tilt axis, for the
case of a Au nanoparticle. (a) and (c) slices through a reconstruction in which
misalignment is present. (b) Slice through a reconstruction for which the tilt axis
adjustment is properly aligned.

1.4.3

Reconstruction

Once the tilt series is aligned, it can be used as an input for a reconstruction
algorithm. Many reconstruction algorithms are developed. Some of them are
generic whereas others are material targeted [30–37]. In this section, first the fundamentals of tomography reconstruction are presented and then the most generic
reconstruction algorithms which are used in this thesis are explained.
1.4.3.1

Fundamentals of tomography

The mathematical fundamentals of tomography have been developed by Johan
Radon. The Radon transform is explained in the following section.
Radon Transform
The Radon transform is the mathematical basis for the tomography techniques
introduced in 1917 by Johan Radon [38]. A line integral denotes the integral of
some property of an object along a line. In the transform, the object f is described
by a two dimensional function f(x,y). Each line integral is represented by (t, θ)
The equation of the line L with a unit length of ds in Figure 1.11 is given by:
Z
Pθ (t) =
f (x, y)ds
(1.3)
L(tθ)
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where distance to the origin of a line integral |t| can be expressed by |t| = xcosθ +
ysinθ:
Z

∞

Z

∞

f (x, y)δ(xcosθ + ysinθ − t)dxdy

Pθ (t) =
−∞

(1.4)

−∞

The function Pθ (t) is the Radon transform of the object. The Radon transform
of an object is often referred to as a sinogram because the transform of an offcenter point source in real space corresponds to a sine wave in Radon space. The
coordinates of the Radon transform of an object f(x,y) are θ and |t| representing the
projection angle and the distance of the projection line with respect to the origin.
The turquoise line profile acquired from an arbitrary angle θ is shown in Figure
1.11. By acquiring more projection images, a higher sampling of the sinogram
is achieved. The stack of all projections from different tilt angles is presented in
Figure 1.11 b. If the object is imaged along all projections, then the inverse Radon
transform yields the original object.

Figure 1.11: (a) An object and its line integral is given, (b) the stack of Radon
transforms of the object for a given projection angle θ.
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The Fourier slice theorem
The Fourier slice theorem states that the 1D Fourier transform of a projection of
a 2D object equals a line through the 2D Fourier transform of the imaged object
[39]. By summing all these lines in Fourier space, and calculating the inverse
Fourier transform the tomographic reconstruction of the object is obtained [39].
The Fourier transform of a 2D object f(x,y) equals:
Z ∞Z ∞
f (x, y)e−2πi(ux+vy)
F (u, v) =
−∞

(1.5)

−∞

where u = wcosθ and v = sinθ, likewise a projection at angle θ can be defined as
Pθ (t) and its Fourier transform is:
Z

∞

Pθ (t)e−2πiwt dt

Sθ (w) =

(1.6)

−∞

A simple case is obtained when the projection angle is θ = 0. The Fourier transform
of the object along the line in the frequency domain is given by v = 0:
Z ∞Z ∞
F (u, 0) =
f (x, y)e−2πiux dxdy
−∞

(1.7)

−∞

Since the phase factor no longer depends on y, the integral can be written as:
Z ∞ Z ∞
f (x, y)dy]e−2πiux dx
(1.8)
[
F (u, 0) =
−∞

−∞

The term in the brackets equals to a projection along lines of constant x:
Z ∞
Pθ=0 (x) =
f (x, y)dy

(1.9)

−∞

Substituting Equation 1.9 in Equation 1.8 leads to:
Z ∞
F (u, 0) =
Pθ=0 (x)e−2πiux

(1.10)

−∞

Since the right hand side of the equation Equation 1.10 depicts the one dimensional
Fourier transform of the projection Pθ = 0, the following correspondence between
the projection and the 2D Fourier transform of the object is obtained:
F (u, 0) = Sθ=0 (u)
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Figure 1.12: Schematic illustration of Fourier slice theorem.
Since the result is independent of the orientation between the object and the
coordinate system, this result establishes the basis of the Fourier slice theorem.
An object can be reconstructed using:
Z ∞Z ∞
f (x, y) =
F (u, v)e−2πi(ux+uv) dudv
−∞

(1.12)

−∞

For a reconstruction in Fourier space, an infinite number of projections or interpolation in Fourier space is required which is both practically very difficult [40].
The application of this methodology is therefore limited. A schematic illustration
Fourier slice theorem is presented in Figure 1.12.
1.4.3.2

Reconstruction algorithms

Back-projection
A common reconstruction method that is often used in biology and materials is
“back-projection”. The basic concept of back-projecting is smearing out the intensity distribution of a projection along the angle under which it was acquired
[41]. The summation of the back-projected lines (rays) leads to a reconstruction
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of the original object if a sufficient number of projections is available. Unfortunately, back-projection results in blurry reconstructions due to the enhancement
of the low frequencies (see Figure 1.13 b). In this reconstruction, 180 projections
were acquired from the phantom image, shown in Figure 1.13 a. The blurring can
be overcome by filtering each projection column with a ramp-like filter in Fourier
space. This procedure is called weighted back-projection (WBP) [42]. The resulting reconstruction obtained using WBP reconstruction is presented in Figure 1.13
b.

Figure 1.13: (a) the phantom object (b) reconstruction using back-projecting and
(c) WBP.

Simultaneous Iterative Reconstruction Technique
In practical electron tomography, a limited number of projections is acquired, with
an acquisition of a projection image typically every 2◦ or 3◦ . Therefore, the use
of back-projection is less favorable since a high sampling of the object is required.
Instead, iterative reconstruction methods are used and the most common one is
the simultaneous iterative reconstruction technique (SIRT) algorithm. SIRT is
preferred in materials science although it requires higher computational weight
in comparison to WBP due to its robustness to noise in the projections. The
projection equation is given by:
Ax = b
21
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Here, the projection matrix is denoted by A, x is the object to be reconstructed
and b is the measured projections:
x̂ = argminx

hµ
2

kAx − bk22

i

(1.14)

The difference of forward projection of an intermediate reconstructions and the
measured projections is minimized using iterative methods [42]. In the first iteration, a reconstruction using the BP principle is performed, then the obtained reconstruction is reprojected along the original projection angles. These re-projections
are compared to the measured projection images and used to improve the reconstruction. Subtracting the re-projections from the measured projection images
yields “difference projections”. Based on the difference projections, a difference
reconstruction is calculated which is then added (or multiplied) to the first reconstruction (as it is the first iteration). This procedure is repeated iteratively until
the difference between a reconstruction and the original projections reaches a minimum. A schematic flowchart of SIRT method is displayed in Figure 1.14. A recent
study showed that 30 iterations are typically required to reach this minimum [43].
SIRT is one of the most broadly used reconstruction algorithm in materials science
and it establishes the basis of different reconstruction algorithms such as discrete
algebraic reconstruction algorithm [31] and total variation minimization [34].
Total Variation Minimization
Total variation minimization (TVM) is an iterative method which is based on
compressed sensing where it is assumed that the signal (object) to be reconstructed
has a sparse representation in some basis [34, 44, 45]. The algorithm attempts to
find a solution to the reconstruction problem Ax = b by minimizing the total
variation. This is achieved by minimizing the norm of the total variation and
minimizing the total projection distance simultaneously [34, 44]:
x̂ = argminx [λT V (x) + |Ax − b|22 ]

(1.15)

Here TV(x) is a particular l1-norm applied to the gradient of the reconstructed
object, λ is the regularization parameter and |Ax − b|22 is the projection distance
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Figure 1.14: Flowchart displaying the principle of the SIRT with N iterations.
which represents the difference between the experimental projection images and
the re-projections of the intermediate 3D reconstruction. If λ is zero, the equation
becomes identical to the Equation 1.14 which yields a SIRT reconstruction. Simulation studies showed that λ = 0.5 is a good starting value [34]. An appropriate
value of λ will reduce the missing wedge artifacts in a significant manner. Figure
1.15 shows a comparison between different reconstruction algorithm.

Figure 1.15: (a) HAADF-STEM image of a Au nanoparticle, the line indicates
where the slices through the reconstruction were acquired. Slice through the 3D
reconstruction of the object using (b) WBP, (c) SIRT, (d) TVM (λ = 0.5).
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1.4.4

Visualization of electron tomography 3D tomogram

In the final step of an electron tomography experiment, the 3D reconstruction
needs to be visualized and interpreted. A reconstruction can be visualized using three main methods which are isosurface rendering, voltex rendering and orthoslices.
1.4.4.1

Isosurface Rendering

An isosurface rendering displays the surface of a 3D reconstruction by connecting
the voxels with a similar gray value. A voxel corresponds to a single data point
on a 3D grid. The general morphology of the investigated object can be visualized
in this manner. In Figure 1.16 examples of two isosurface renderings using the
opaque (a) and the transparent (b) visualization mode.

Figure 1.16: Isosurface rendering of an Au nanoparticle showing an (a) opaque
and a (b) transparent isosurface.

1.4.4.2

Voltex Rendering

An advantage of voltex rendering over isosurface rendering is that instead of visualizing a constant intensity value, a range of intensity values is presented on
the screen. This yields a global overview of the morphology of the specimen and
visualizes the internal intensity variations. Visualizations of reconstructions from
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different multi functional nanoparticles are displayed in Figure 1.17. The plasmonic Au nanoparticles at the cores are displayed in isosurface mode and the
shells are displayed using voltex rendering.
1.4.4.3

Orthoslice

A 3D reconstruction of an object corresponds to a stack of 2D slices. It is therefore
possible to visualize and analyze single 2D slices through the reconstructed object.
These slices are called “orthoslices”. Orthoslice visualization is the most objective
way of visualizing the reconstruction in comparison to the rendering methods, since
no parameter or threshold has to be defined. Examples of orthoslices obtained
using different reconstruction algorithms were for example presented in Figure
1.15 b-d.
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Figure 1.17: Isosurface rendering and voltex visualization of nanoparticles made
of different components. a) Au-polystyrene-mesoporous SiO2 , b) Au nanostars
dispersed on polystyrene, c) Au nanoparticle encapsulated with polystyrene and
SiO2 , d) Au@Ag@ZIF-8 nanoparticle.
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Application of Electron
Tomography for Characterization
of Plasmonic Nanoparticles
This chapter is based on:
Y. Wang, A.B. Serrano, K. Sentosun, S. Bals, L.M. Liz-Marzan, Stabilization and
Encapsulation of Gold Nanostars Mediated by Dithiols, Small, 11(34), (2015),
4314-4320
Y. Wang, K. Sentosun, A. Li, M. Coronado-Puchau, A. Sanchez-Iglesias, S. Li, X.
Su, S. Bals, L.M. Liz-Marzan, Engineering structural diversity in gold nanocrystals by ligand-mediated interface control, Chemistry of Materials, 27(23), (2015),
8032-8040
In this chapter, the structural characterization of plasmonic Au nanoparticles is
presented. The synthesis of the samples and optical characterization is carried out
at Bionanoplasmonics Laboratory, CIC biomaGUNE in Spain. I was responsible
for all 2D and 3D TEM investigations.
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2.1

Introduction to Plasmonic nanoparticles

Plasmonic properties are observed mainly in metals where their interaction with
electromagnetic radiation leads to a collective oscillation of conductive electrons
at resonant frequency. When the wavelength of the incoming light is at the order
of the metallic nanoparticle size and the oscillations are confined on the metal surface at a metallic-dielectric interface, local free electron oscillations occur, which
are known as localized surface plasmon resonances (LSPR) [46]. Thanks to their
particular characteristics, plasmonic nanoparticles are of interest for a broad range
of applications, from optoelectronics to biomedicine [47]. Plasmonic nanoparticles
can absorb or scatter light depending on their shape and size [48]. The optical properties of these nanostructures can be measured using an UV-Visible spectroscopy
and Fourier-transform infrared spectroscopy. In general, when the diameter of a
spherical nanoparticle is smaller than 40 nm, the nanoparticle absorbs the electromagnetic radiation. This results in elevation in local temperature due to electron
phonon interactions. Hence, such nanoparticles can be used for the destruction
of cancer cells known as hyperthermic cancer therapy (bottom row left and right
side in Figure 2.1) [49]. On the other hand, for larger nanoparticles, scattering
dominates over absorption. The incoming light is scattered from the Au nanoparticles with a certain wavelength [47]. In this manner, the tracking of individual
Au nanoparticles is possible [50, 51]. Such nanoparticles with scattering property
can be used as contrast agents in imaging applications (top and bottom right side
in Figure 2.1) [50]. Moreover, nanoparticles with large scattering cross-sections
are used to enhance the Raman signal of molecules in their proximity (Figure 2.1
center and top left) which is known as surface enhanced Raman scattering (SERS)
[52–54]. The SERS enhancement is based on two mechanisms: a chemical and an
electromagnetic mechanism. The chemical enhancement is obtained by chemisorption of the molecule on the metal surface and typically increases the signal by a
factor of 102 . The electromagnetic enhancement is wavelength dependent, arising
from the excitation of LSPRs, which yields a SERS enhancement factor of approximately 106 to 108 for a variety of molecules. This significant SERS enhancement
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can be exploited for biomedical applications. Au and Ag nanoparticles are suitable
candidates since they exhibit an increased SERS intensity by an electromagnetic
enhancement due to LSPR at the metal surface which is coupled with the molecule.
The electric field enhancement is most effective at sharp corners, edges and narrow
gaps [55, 56] and also in so-called hot spots [57]. Hot spots are generated when two
plasmonic nanostructures are in close interaction or form a junction or a dimer.
SERS enhancement based on hot spots yields an intensity increment by a factor
of 106 . In particular, Au nanoparticles with sharp tips (i.e. Au nanostars) or
particles in close contact are particularly suitable for SERS. Since the plasmonic
properties are highly dependent on the morphology and composition, a thorough
structural characterization in 3D is of utmost importance. Metals such as Au, Ag,
Cu, Al but also semiconductors, chalcogenides and graphene exhibit plasmonic
properties [58–62]. In this thesis, Au, Au-Ag and CuTe nanoparticles are studied.
A brief introduction for Au nanoparticles is provided in the following section. An
overview of CuTe nanoparticles is discussed in chapter 3 and Au-Ag nanoparticles
in chapter 6.

Au nanoparticles
Au nanoparticles are particularly suitable candidates for applications such as
bioimaging and photo-thermal therapy (see Figure 2.1). The synthesis of Au
nanoparticles is mainly carried out by a two step procedure which is referred to
as “seed mediated growth” [63, 64]. During the nucleation step, uniform, mainly
spherical Au seeds are obtained, which will serve as nucleation points for further growth. This first step occurs very fast and therefore limited control over
the shape is obtained. In the next step, the reaction conditions are opposite to
the nucleation step, since a high control over the shape is desired [65]. Hereby,
Au ions, reductants and surfactants are added to the solution. The growth of
Au nanoparticles with different shapes is controlled by using different surfactants
which will promote a particular shape. For instance, cetyltrimethylammonium
bromide (CTAB) is particularly efficient as directing agent for the synthesis of
Au nanoparticles with different shapes, such as nanorods, stars, and plates [65].
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Figure 2.1: Illustration of multiple therapeutic and diagnostic applications using plasmonic nanoparticles (center) for targeting cancer cells via antibodies on
the nanostructure surface (top left), for cancer cell imaging (top right), for cancer
treatment showing complete eradication of tumor in mice after photothermal therapy (bottom left), and for theranostics which enables a single plasmonic entity to
deliver both therapeutic and diagnostic functionalities (bottom right) [49].
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CTAB’s chloride counterpart, cetyltrimethylammonium chloride (CTAC) has also
been implemented in the synthesis of Au particles, which resulted in morphologies
such as concave cubes, trisoctahedra, or rhombic dodecahedra [66–70]. In Figure
2.2 an overview of different morphologies of Au nanoparticles is presented.

Figure 2.2: Anisotropic Au nanoparticles in different morphology which are
recorded using a TEM.
Although Au nanoparticles can be prepared with almost any desired shape,
the fundamental mechanisms behind the shape control are not well understood.
Therefore, different synthesis methods and their obtained growth mechanism are
studied. In this chapter, Au nanoparticles for SERS application are investigated.
As explained in section 2.1, the plasmonic properties are dependent on the shape
and size of the nanoparticles. TEM images only form a 2D projection of a 3D
object, and may in some cases be misleading. Hence, 3D characterization by
electron tomography is required.

2.2

Encapsulation of Au nanostars via seeded
growth

Colloidal metal nanoparticles with various shapes are of interest for applications
exploiting their plasmonic properties. Among a variety of possible nanoparticle
morphologies, colloidal Au nanostars comprising a central core from which multiple
sharp branches protrude, have been pinpointed as highly efficient SERS substrates
due to their tunable LSPR and nanoantenna effects by controlling core size, along
with tip length and sharpness [55, 56, 63, 64, 71–74].
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A number of methods have been reported for the synthesis of Au nanostars,
through either seedless or seed-mediated approaches, using capping molecules such
as poly( N-vinylpyrrolidone) (PVP) or CTAB, but also under surfactant-free conditions [63, 64, 75–77]. Whereas PVP-capped Au nanostars can be synthesized
with tailored dimensions and optical properties [63, 78], and used for ultrasensitive
SERS detection [79], the SERS signal is affected by hindered analyte chemisorption
due to the adsorbed polymer, which can be removed only via a time consuming
process [56]. As an alternative, surfactant-free Au nanostars are of high interest
considering that their cleaner surfaces are more suitable for surface functionalization, additionally avoiding toxicity issues derived from the surfactant [77, 80].
However, these Au nanostars typically display poor stability, resulting in changes of
morphology and corresponding LSPR blue-shifts, which has also been reported for
other nanostructures with sharp tips [81, 82]. In the absence of capping molecules,
colloidal stability is also compromised, as Van der Waals attractions become dominant, eventually leading to particle aggregation [83]. These observations clearly
indicate that the surface properties of Au nanostars play a critical role on the
colloidal and chemical stability, which is crucial for SERS relevant applications
[84].
Various strategies have been developed to functionalize the Au nanostar surface, so as to mediate the interaction of the nanoparticles with target analytes
toward practical SERS applications [84]. For instance, the introduction of capping molecules such as polymer stabilizers [63], thiolated polyethylene glycol [77],
surfactants [85, 86], and proteins such as bovine serum albumin [86], as well as
protective inorganic shells [87, 88], were used to improve colloidal stability prior to
eventual application. A conceptually different strategy concerns the use of reduced
graphene oxide as support, with no need for additional polymer stabilizer or surfactant during Au nanostar synthesis [83]. Alternatively, an additional near infrared
dye layer and bovine serum albumin coated on the Au nanostar surface has been
recently employed to develop stable SERS probes [85]. In addition, nanostar templated Ag overgrowth produces hybrid particles and enables stronger SERS signal
upon adsorption of Raman tags on the outer surface. However, few attempts have
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been directed towards incorporating the Raman tag between metal layers within
the same particle, so as to generate plasmonic hot spots for the development of
highly efficient SERS probes [89, 90].
Here, high resolution HAADF-STEM and electron tomography are used to
study the growth mechanism of a new synthesis approach further explained in
Wang et al. [91], a Raman tag 1,4-benzenedithiol (BDT) is used together with
CTAC to stabilize the Au surface. Au nanoparticle seeds with different size and
shapes and varying R = [Au3+ ] / [Au0 ] ratio are investigated with the aim of
enhancing the Raman scattering. The R value here corresponds to the ratio of
Au3+ ions added to the solution during the synthesis and metallic Au0 corresponds
to the seeds. For each type of seed, three samples were prepared with different R
values.
BDT-modified Au nanostars are used as seeds to direct further encapsulation
within Au shells, considering that the strong binding between thiol groups and
reduced Au atoms should affect the shell growth mode. A schematic overview of
the synthesis procedure is presented in Figure 2.3 a. First, a Au nanoparticle is
capped with CTAC and BDT. Then, the overgrowth of a Au shell around the seed
is performed by chemical reduction of different amounts of HAuCl4 using ascorbic
acid leading to different R values.
In Figure 2.3 b-d, BF-TEM images of Au nanostructures with 3 different concentration ratios R of 4.8, 9.6, 19.1, respectively are shown. From these images, it
is clear that standard seeded growth did not occur but instead a series of exotic
Au nanostructures are obtained. The Au nanostar which is used as a seed is highlighted with an arrow in Figure 2.3 b and c. The growth characteristic of the Au
nanostructure seems to be different for larger R values. Indeed, the corresponding
TEM images in Figure 2.3 b, c and d indicate that for increasing R values the Au
nanostars seem to be gradually encapsulated within an external Au shell. Furthermore, the particles are investigated using HAADF-STEM imaging, of which
the results are presented in Figure 2.4. Investigating these nanostructures with
HAADF-STEM shows the presence of low intensity regions, which are highlighted
with arrows in Figure 2.4 b and c.
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Figure 2.3: (a) Schematic illustration of the expected seeded growth, where CTAC
acts as surfactant. (b-d) BF-TEM images of representative Au nanostructures
formed by reduction at different R values.

For R = 4.8 (Figure 2.4 a), the nanostructure is attached to the Au nanostar from one side and forms a quasi-spherical nanoparticle resulting in a dimer
morphology. When the Au3+ ion concentration (R) in the colloidal solution is increased, the volume of the shell also increases. The shell partially encapsulates the
Au nanostar for R = 9.6 (Figure 2.4 b) and an entire encapsulation is observed
for R = 19.1 (Figure 2.4 c), resulting in semi-shell and full-shell morphologies,
respectively. Since the intensity of a HAADF-STEM image scales with the variation in thickness, the low intensity regions could indicate the presence of internal
gaps in the nanostructures. As the observed morphologies are quite intriguing,
HAADF-STEM tomography was performed to reveal the 3D morphology of the
coated particles, so as to discern potential internal gaps and connecting bridges
between the Au nanostar seed and the shell.
For each sample with different R value, three electron tomography experiments
were performed by acquiring projections over a tilt range of ±74◦ with a tilt increment of 3◦ . A FEI Tecnai G2 microscope operated at 200kV and Fischione
2020 single tilt tomography holder were used for the experiment. The tilt series
were aligned using FEI Inspec3D [21] and were reconstructed using the SIRT im34
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Figure 2.4: HAADF-STEM images from Au nanoparticles showing the influence
of the different ratio of reduced Au atoms on shell morphology. (a) Au nanostar
with a quasi-spherical nanoparticle is shown. The arrow shows a spike from the Au
nanostar, (b) and (c) Au nanoparticles with different R value, the arrows highlight
the low intensity regions on the nanocrystal.

plementation of the ASTRA-Toolbox [92]. Representative visualizations from the
3D reconstructions for three samples with increasing R values are shown in Figure
2.5, which confirms the exotic shape of these nanostructures. Investigating the
visualization of the 3D reconstruction and the orthoslices from the reconstruction
of the sample with R = 9.6 and 19.1 confirms the presence of internal gaps (see
Figure 2.5 b and c). Moreover, the visualization of the reconstruction displays the
internal gaps as bubble-like regions highlighted with an arrow (Figure 2.6 a). The
internal gaps can be clearly observed in the 2D orthoslice, as dark regions between
the seed and shell (Figure 2.6 b), while the same image also shows the presence
of linking bridges between the Au nanostar seed and the shell. An estimate of
the internal gap distances from electron tomography images yielded an average
value of 4.5 nm. Furthermore, electron tomography confirmed that the seed was
not located at the center of the encapsulated shell but rather at the edge, indicating that the shell growth started from one or more of the Au nanostar tips and
then asymmetrically continued, gradually surrounding the seed. Further information regarding the growth pathway of the shell on Au nanostar was provided by
the crystal orientation which was investigated by high resolution HAADF-STEM
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Figure 2.5: Visualization of 3D reconstructions of core-shell Au nanostars with
increasing R values: (a) Au nanostar-sphere dimer (R = 4.8), (b) semi-shell coated
Au nanostar (R = 9.6), (c) completely encapsulated Au nanostar (R = 19.1).

Figure 2.6: (a) 3D rendering of an electron tomography reconstruction for a semishell covered Au nanostar (∼23 nm core size, R = 9.6). The gaps between the
nanostar seed and the semi-shell can be clearly identified (example indicated by
an arrow). (b) A slice through the reconstruction reveals both the connections
and gaps between seed and shell.
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imaging. HAADF-STEM images were obtained using an aberration corrected FEI
Titan 50-80 microscope operated at 300 kV. High resolution images and their corresponding Fourier transform (FT) patterns which are obtained from 6 different
positions on a semi-shell coated Au nanostar (Figure 2.7), revealed that the crystal orientations are not identical, meaning that we tilted the particle to a different
zone axis for each of the high-resolution image. This observation indicates that
the growth of the shell may start from more than one spot on the original Au
nanostar (likely several tips). It should however be noted that overlapping regions between parts of the seed and shell make it difficult to precisely determine
where on the seed, the shell growth started. Compared with previous work on
core-shell particles with internal gaps mediated by ligands, such as DNA [93–95],
block copolymers [90] or other small molecules [89, 96], we show this type of seeded
growth at atomic resolution and in 3D, which helps us to better understand this
unusual growth mode.

Figure 2.7: (a) HAADF-STEM image providing an overview of a semi-shell coated
Au nanostar and (b-f) high-resolution HAADF-STEM images acquired from several regions are highlighted in (a). The corresponding FT patterns of the highresolution HAADF-STEM images are displayed in the insets.
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2.2.1

SERS performance of coated Au nanostars

One of the attractive features of this intriguing morphology is the presence of internal gaps. These are likely to display enhanced electric fields, thereby acting as
intrinsic hot spots for SERS. Raman Tag BDT molecules should be located precisely at the gaps between the Au nanostar core and the outer shell. Since BDT
has a reasonably high Raman scattering cross section [97], intensity increment in
the SERS signal is expected. SERS spectra by our collaborators (CIC biomaGUNE, San Sebastian) are collected with an excitation wavelength of 785 nm. A
gradual increase of the SERS intensity was observed up to an R value of 9.6, which
yields a four-fold higher intensity as compared to the bare Au nanostar seeds (R
= 0). For R = 4.8, a ∼3-fold higher intensity in SERS is observed, while for R =
19.1 the enhancement is ∼2.5 fold is observed. Thereby, a clear decrease in SERS
intensity is observed for R values above 9.6. Interestingly, the maximum SERS
intensity does not correspond to fully coated Au nanostar, even though we should
have the largest number of available molecular nanogaps between the core and the
shell. This may be due to damping of light transmission through the outer shell
or to additional contributions to E-field enhancement in anisotropic morphologies
such as partly coated Au nanostar. It thus appears that the morphology yielding
the highest SERS intensity is the semi-shell coated nanostar. It is well known that
nanostructures comprising sharp tips generate intense electric near field by concentrating light onto the tips (“nanoantenna effect”), which leads to a significant
SERS enhancement [55, 98, 99]. In the case of semi-shell coated Au nanostar, the
semi-shell may direct the light toward the exposed core tips, further contributing
to the overall near field enhancement.
The roles of bifunctional ligand and surfactant in the Au nanostar-seeded
growth are thus: (i) protecting the initial Au nanostars from reshaping and aggregation, (ii) directing Au shell growth around the core, and (iii) generating
significantly enhanced SERS activity.
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2.2.2

Growth of Diverse Au nanostructures

To further understand the BDT-ligand mediated core-shell growth, BDT coated
spherical, triangle and rod shape Au nanocrystals are used as seeds and overgrown
at different R values. To study the morphology and to locate possible internal gaps,
electron tomography experiments are performed on different Au nanostructures.
In Figure 2.8, 2.9 and 2.10, the 3D visualizations and 2D orthoslices through the
reconstructions of various Au nanostructures using different R values are displayed.
The seeded growth mediated by BDT leads to a structural evolution from quasispherical Au nanocrystals that are used as seeds and grown at different R ratios
(R = 0.6, 2.3, 11.7) are shown in Figure 2.8 a-f. When higher R values are used, an
evolution of the nanoparticle morphology is observed including semi-shells (R =
2.3) and full-shells (R = 11.7). Interestingly, bubble-like regions are consistently
found (especially for full-shells), indicating the presence of a gap between the
seed core and the shell (highlighted with arrows in Figure 2.8 b and c). Such
detailed 3D reconstructions obtained by electron tomography allowed us to obtain
information on the inner part of the nanostructures (Figure 2.8 e), which clearly
revealed the presence of such internal gaps between the BDT-modified seed cores
and the grown Au shells. Whereas for R = 0.6 core and shell is in full contact, for
R = 2.3 extensive contact but also small nanogaps are found, and for R = 11.7
smaller contact areas and larger nanogaps are present.
Further inspection of the 3D reconstructions indicates that the Au shells are
not homogeneously coated around the core, i.e. shell growth occurs in a nonconformal manner. As discussed in section 2.2.1, the presence of internal gaps can
largely enhance Raman scattering. On the other hand, the fully coated particles
also display lower SERS intensity than that of the semi-shell, in spite of containing
more available plasmonic nanogap sites.
Considering that SERS is highly sensitive to the geometry of the plasmonic
nanostructures, we extended the ligand-mediated interfacial control strategy to
grow and characterize diverse Au nanostructures by using Au seeds with different
sizes and shapes including Au nanotriangle and nanorods.
In Figure 2.9 a-f, visualizations of the 3D reconstruction of Au nanorods using
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Figure 2.8: (a-c) The visualization of the 3D reconstruction of the Au nanospheres
made with varying R values. (d-f) Orthoslices through the reconstructions shown
in a-c, respectively.

different R values, are shown. When R = 1.4, the overgrowth of Au occurred only
at the tip of the nanorod. Nanoparticles where Au growth started from both of the
tips, were also observed. For higher concentration of Au ions (R = 28.7), the tip
growth continued asymmetrically. For larger R values (R = 115), fully overgrown
Au nanostructures are obtained. Similar to the nanostructures obtained from
nanostar and nanosphere seeds, internal gaps are observed. These results indicate
that the growth of Au follows a preferential direction, which may be due to two
phenomena: (i) Using high resolution electron tomography study, Goris et al.,
have shown that the facets at the tips of a Au nanorod can be composed of high
index {520} planes [36]. These planes are more reactive in comparison to {110}
side facets, hence the overgrowth may initiate from the tips. (ii) It is reported
that the mineralization mechanism involves a preferential interaction of surfactant
molecules with the crystallographic facets along the rod site. Hence, providing the
rod tips more access to the reaction medium to continue the growth [100].
A preferential growth direction can also be observed for the growth of Au using
Au nanotriangles as seeds (Figure 2.10 a-f). Figure 2.10 a shows that most of the
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Figure 2.9: (a-c) Visualization of the 3D reconstruction of the Au nanorod for
larger R values. (d-f) The orthoslices through the reconstructions shown in a-c,
respectively.

islands grow at the side facets in comparison to the top and bottom surfaces of
the Au nanoprism. This may be due to the faster decrease in the surface potential
due to the surfactant at the side facets. As a result, the Au3+ flux becomes higher
in these regions which facilitates the crystal growth rate in these regions [65].
Three principal growth models for the growth of a metal layer on a different
metal (either as thin films or core-shell particles) have been reported, namely
layered growth (Frank-van der Merwe mode), island growth (Volmer-Weber mode,
VW ), and an intermediate type (Stanski-Krastanow mode) involving an initial
layer-by-layer growth followed by island growth mode [101, 102].
Based on 3D reconstructions, it is hypothesized that the Au shell growth starts
from a few nucleation sites on the BDT-modified Au particle surface, then grows
into a dimer-like nanostructure, and gradually encapsulates the rest of the BDTmodified seed. These results suggest that the VW island growth model appears to
apply for each investigated nanostructure. Moreover, anisotropic Au nanoparticles
show a preference towards growth on surfaces with high curvature, as exemplified
by the semi-shell growth on one end of the nanorods and preferential growth along
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Figure 2.10: a) A visualization of 3D reconstruction is displayed from two different
orientations. The image in inset displays the smaller amount of island growth on
the surface of nanotriangle. (b-c) Visualization of the 3D reconstruction of the Au
nanotriangles for larger R values. (d-f) Orthoslices through the reconstructions
shown in a-c, respectively.
the edges of nanotriangles (Figure 2.9 and 2.10 a-f). This minimizes the contact
area between core and shell and thus keeps the lowest interfacial energy during
shell growth.

2.3

Conclusions

In summary, a systematic electron tomography study of the seeded growth of plasmonic Au nanocrystals containing internal nanogaps is presented. It is revealed
that the seeded growth in the presence of BDT leads to a series of exotic nanostructures, in which internal gaps are consistently present. It is observed that these
internal gaps with BDT leads to stronger SERS activity, especially for the semishell configuration. Additionally, based on 3D reconstructions, the VW type of
growth mechanism is observed for each investigated morphology.
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Structure and Vacancy
Distribution in Copper Telluride
Nanoparticles Influence
Plasmonic Activity
This chapter is based on:
T. Willhammar, K. Sentosun, S. Mourdikoudis, B. Goris, M. Kurttepeli, M. Bercx,
D. Lamoen, B. Partoens, I. Pastoriza-Santos, J. Perez-Juste, L.M. Liz-Marzan, S.
Bals, G. Van Tendeloo, Structure and vacancy distribution in copper telluride
nanoparticles influence plasmonic activity in the near-infrared, Nature Communications, 8, (2017)
In this chapter, structure-property relation of CuTe nanoparticles is investigated
using TEM. The synthesis of the samples was carried out at the Bionanoplasmonics Laboratory, CIC biomaGUNE and Departamento de Quimica Fisica in Universidade de Vigo (Spain). TEM investigation and computational calculations are
performed at EMAT, University of Antwerp. I was responsible for the high resolution electron tomography, EDX measurements and contributed to the diffraction
tomography.
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3.1

Introduction to Copper Telluride nanoparticles

To broaden the application field of plasmonic nanoparticles for SERS, other metals and various shapes and sizes of nanoparticles are also explored. To date, the
application field of SERS is restricted to molecular families carrying functional
groups such as -NH2 and -SH owing to their affinity for Au or Ag. In general,
spherical Au and Ag nanoparticles present LSPR in the visible region. To detect
biomolecules, the LSPR response needs to be shifted towards infrared wavelengths.
Shifting the LSPR band from visible to infrared wavelengths is possible by optimizing the shape and the size of the nanoparticles towards the formation of nanostars.
Unfortunately, this mostly results in an increased particle size, which limits the
applicability of these particles in living organisms. Li et al. showed that copper
based chalcogenides can be used as SERS probe due to their plasmonic properties
[103]. Unlike Au and Ag nanoparticles for which the optical properties are mostly
dependent on particle morphology, it is observed that the optical response of Cu
chalcogenides consisting of Cu and Te can be tuned by optimizing Cu vacancies
in the structure [103–106]. The vacancies in the structure not only regulate the
charge transport properties, but also provide a composition-dependent LSPR in
the near infrared [104–106]. Since these properties are not currently well understood, a compositional and structural analysis is required to relate the properties
to the structure. In this chapter, the structure and vacancy distribution in CuTe
nanoparticles is investigated. The outcome of these experiments is connected to
the optical properties by DFT calculations.

3.2

Investigation of Structure and Vacancy distribution of CuTe nanoparticles

Although nanoplasmonics has been mostly restricted to the use of noble metal
nanocrystals, several concerns regarding optical losses have promoted the study of
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a variety of alternative plasmonic nanomaterials, including copper-deficient copper chalcogenides [58]. Most studies were carried out with copper sulfides and selenides, but plasmon tunability has also been demonstrated on CuTe nanocrystals,
not only via carrier density but also via size and morphology control [107]. Interestingly, the Cu:Te ratio has been reported to affect the crystal structure. Indeed,
the complex Cu-Te phase diagram reveals several phases such as orthorhombic
CuTe, hexagonal Cu2 Te and Cu3 Te4 phases as well as non-stoichiometric Cu2−x Te
structures [108–110]. Recently, Li et al. [103] reported that CuTe nanocrystals,
grown using a hot injection-like method, displayed a novel crystalline phase yielding interesting plasmonic properties towards sensing applications. Further progress
in the optimization of the physical properties of the material requires an accurate
determination of the local structure of the compound, which however has remained
unknown so far because of its complexity.
Structure determination of complex nanomaterials is far from straightforward
and is one of the main challenges in the field of crystallography. In addition, such
studies become increasingly demanding for materials that lack perfect ordering
or display disorder [111, 112]. For submicrometer-sized crystals, electron crystallography is often used and recent progress was initiated by the development of
three-dimensional electron diffraction methods, such as rotation electron diffraction (RED) and automated diffraction tomography [113, 114]. These methods
were successfully applied to unravel the structure of a broad variety of materials,
including zeolites [115], MOF [116]. Although these techniques are at the forefront
of structure characterization, major progress, especially for nanocrystals, is still
required. Recently, the quality of the 3D reconstructions has been significantly improved through the use of advanced reconstruction algorithms and, as a result, 3D
imaging with atomic resolution is now possible [36], thereby allowing monitoring
and quantification of effects such as surface relaxation or strain in nanoparticles
[117]. However, most of these atomic-scale 3D studies have so far been performed
on noble metal nanoparticles, featuring a known and simple crystal structure.
We report here the solution of a much more challenging problem: the crystal
structure of defective CuTe nanocrystals using a combination of electron diffrac45
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tion tomography and high-resolution real-space tomography. This combination
provides an exciting insight into the distribution of Cu vacancies within the framework of Te atoms. The characterization was complemented by EELS.

3.2.1

Structural Characterization

A HAADF-STEM overview of the resulting CuTe nanocrystals is shown in Figure
3.1 a . Using this technique, the image intensity scales with the atomic number
Z of the elements present in the sample as well as with sample thickness. To
investigate the morphology of the nanocrystals, a tilt series of HAADF-STEM
images was acquired over a tilt range of ±72◦ and used as an input for a SIRT 3D
reconstruction algorithm. It is clear that the particles yield a cuboid morphology
with two longer dimensions, referred to as a and b, and a third shorter dimension
called c, see Figure 3.1 b. Interestingly, EELS measurements in the low-loss region
demonstrate a plasmon resonance in the range of 1.1-1.7 eV (Figure 3.1 c).
A high-resolution HAADF-STEM image was acquired along one of the long
directions, a, of the cuboid particle, see Figure 3.1 d. In this image, the brighter
dots (indicated by red circles) correspond to Te (Z=52) positions, whereas the
less bright positions indicated by blue circles correspond to columns of Cu atoms
(Z=29). The pattern in the figure indicates a complex, modulated structure,
suggesting the presence of vacancies at the Cu positions. An image acquired
along the shorter direction, c, of the cuboid (Figure 3.1 d) does not show this
modulation. To determine the structure of the nanocrystals, X-ray diffraction was
applied. However, the pattern contains broad peaks, as can be seen in Figure 3.1
f, preventing direct structure determination from the data.
To investigate the atomic structure in more detail, a tilt series of SAED patterns
are collected using the RED method in order to obtain a 3D data set with fine
sampling of reciprocal space. The reciprocal space is sampled with a step of 0.1◦
over a tilt range of -62.9◦ / 64.2◦ . Next, this tilt series was combined into a 3D
reconstruction of the reciprocal lattice, as shown in Figure 3.2 a. The pattern
contains stronger reflections, which can be indexed in a primitive cubic unit cell
with a cell parameter of 7.51 Å. These results are in good agreement with Figure 3.1
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Figure 3.1: (a) HAADF-STEM overview showing the regular rectangular morphology of the particles. Scale bar, 50 nm. (b) Electron tomography reveals the
cuboid morphology in three dimensions, with one dimension significantly shorter
than the other two. The longer dimensions of the particles, a and b, are ∼ 15 –40
nm and the shorter, c, corresponds to ∼ 15 –20 nm. (c) EEL spectrum obtained
from the low loss region after background subtraction showing a plasmon peak in
the range of 1.1-1.7eV. (d) High-resolution HAADF-STEM image acquired along
the a direction. The projected distribution of heavier Te and lighter Cu atoms
can be clearly observed. As an inset, the positions of Te (red) and Cu (blue)
are marked. A modulation at the Cu sites can be clearly observed. The image
was acquired with a long dwell time and hence sample drift gives rise to a slight
geometric distortion. Scale bar, 2 nm. (e) High-resolution HAADF-STEM image acquired along the c direction does not show any obvious Cu-site ordering.
(e) High-resolution HAADF-STEM image acquired along the c direction does not
show any obvious Cu-site ordering. (f) X-ray diffraction pattern from the CuTe
phase containing broad peaks.

47

3.2.1. Structural Characterization
c and d, where this unit cell can indeed be used to describe the contrast related
to the Te lattice, observed along the [100] and [001] directions. An analysis of
the reconstructed diffracted intensities suggests systematic absences for reflections
within the (hhl) and (00l) groups with odd l indices. This leaves two possible
space groups for the average structure: Pm-3n (No. 223) and P-43n (No. 218).
Ab initio structure determination using direct methods in the space group Pm3n resulted in a basic structure yielding eight Te atoms and 24 possible sites for
Cu in one unit cell, which is illustrated in Figure 3.3 a. Both space groups Pm3n and P-43n gave equivalent solutions; hence, the higher-symmetry space group
Pm-3n was selected. To the best of our knowledge this structure is a novel phase
within the Cu-Te system and it is not isostructural to any other crystalline phase
with related composition. All Cu atoms are coordinated by four Te atoms with
tetrahedral geometry. All Te atoms are coordinated by 12 Cu atoms, each of them
with 0.5 occupancy, yielding an average coordination number of 6.
A high-resolution EDX map, see Figure 3.3 c, was acquired from the region
indicated in Figure 3.3 b. It can be seen that the distribution of Te is in good
agreement with the average structure model obtained by 3D electron diffraction.
The distribution of Cu will be discussed in more detail below. In addition to
the stronger reflections used for structure determination, weaker reflections can be
observed. The reflections can be indexed using a superstructure with a four times
larger unit cell along the c direction, the shorter direction of the particle, and
three times longer along the a direction, see Figure 3.2 a. The modulation along
the c axis often occurs as one reflection on each side of the stronger reflections
of the substructure. In between the reflections, diffusely scattered intensities can
be observed, indicating disorder along the c axis, see Figure 3.2 a, b. The three
times modulation is significantly weaker compared to the modulation along the c
direction and is consistent with observations by Tu et al. [118].
The results presented above demonstrate electron diffraction tomography yields
some first insights in the average structure of the Cu-Te nanocrystals. However,
more precise details on the complex distribution of the vacancies require the use
of suitable imaging methods. In the HAADF-STEM images acquired along the
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Figure 3.2: (a) Visualization of the reconstructed 3D reciprocal lattice obtained
from a representative CuTe nanocrystal. The pattern contains stronger reflections,
which can be indexed in a primitive cubic unit cell with a cell parameter of 7.51 Å.
In addition, weaker superstructure reflections can be observed with a periodicity of
four times in the vertical direction and three times in the horizontal direction. In
addition, diffusely scattered intensities are observed in between some reflections,
marked by orange arrows in a,b. From the reconstructed 3D reciprocal lattice 2D
sections can be visualized. (b) In the 0kl section reflections from the four times
superstructure can be observed. (c,d) The hk0 and hhl sections reveal systematic
extinctions for reflections with odd h within the 0h0 row and reflections with odd
l indices with in the hhl section. The projected unit cell is shown by an orange
rectangle in each of the panels.
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Figure 3.3: (a) Average cubic structure model obtained from the electron diffraction data (Te atoms in red, Cu atoms in blue). (b) HAADF-STEM image acquired
along the [001] direction. The red square indicates the area for which an EDX map
was collected. Scale bar, 2nm. (c) EDX map showing good agreement for the Te
sublattice with the structure model obtained by electron diffraction.
[100] direction the contrast distribution in between the Te atoms is clearly inhomogeneous (see Figure 3.4). An overlay with the average structure clearly shows
fluctuations at the Cu positions. The image shows columns of the lighter Cu atoms,
in accordance with the coordinates obtained from electron diffraction. However
some of the Cu positions appear black; indicating vacant positions. The ordering
of the Cu is clearly visible when the nanocrystals are imaged along either of the
two longer dimensions, a or b. In order to determine the 3D distribution of the
vacancies, high-resolution electron tomography is required.
A tomographic reconstruction is carried out based on five high-resolution HAADFSTEM images acquired with the rotation axis oriented along the short dimension of
the cuboid nanocrystal, see the projection images (two representative projections
are given in Figure 3.5). These five images were used as input for a tomographic
reconstruction based on compressed sensing [44]. From the resulting tomographic
reconstruction, the heavier Te atoms were found to be in good agreement with
the atomic positions determined from 3D electron diffraction (Figure 3.6). However, the reconstruction does not yield any information concerning the presence
of vacancies and is dominated by the intensities of the heavier Te atoms. In or50
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Figure 3.4: (a) HAADF-STEM image acquired along the [100] direction. The average structure model, including all possible Cu sites is superimposed with Te in
red and Cu in blue. Some of the Cu-deficient domains are marked with red ellipses.
Scale bar, 1 nm. (b) Perpendicular orthoslices through the electron tomography
reconstruction perpendicular to the [100] and [010] directions reveal the inhomogeneous distribution of vacancies in 3D. The Te atoms are high-intensity (red) dots.
In between the Te atoms, regions with a lower intensity (blue) show subvolumes
inside the material with Cu deficiency (indicated by a red arrow). Long-range
order of the Cu vacancies is present along the c axis. (c) An orthoslice sectioned
perpendicular to the [010] direction reveals two channels of Cu deficiencies running
along the a direction (marked by red arrows). In all panels the shorter dimension
of the nanocrystal, c, is oriented along the vertical direction.
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der to overcome this limitation, the positions of the Te atoms in one unit cell,
as determined by 3D electron diffraction, were used as a template, which was fitted to the 3D reconstruction using the compressed sensing algorithm. Next, a
continuous reconstruction algorithm was alternated with this template-matching
method. Since the positions of the Te atoms can be refined using this procedure,
the iterative coupling with the projection data leads to a gradually improving 3D
reconstruction of the Cu distribution in between the Te atoms.

Figure 3.5: HAADF-STEM images, images were acquired along [100], [210] (26◦ )
directions with tilt angles relative to the first zone axis in parentheses.
Orthoslices through the reconstruction, perpendicular to the [100] and [010]
directions, are presented in Figure 3.4 b and enable a visualization of the distribution of vacancies in 3D. In this figure the low-intensity regions (blue) in between
the Te atoms show the distribution of the Cu deficiencies. At this local scale,
ordering along the shorter c dimension of the nanocrystal is clearly observed. The
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Figure 3.6: Orthoslices perpendicular to the [001] direction through the initial electron tomography reconstruction performed by compressed sensing. The orthoslices
were obtained at an offset of (a) 0 (b) 0.25 (c) 0.5 and (d) 0.75 multiples of the
unit cell (7.51 Å). Red contrast is the highest intensity and resembles the positions
of the heavier Te atoms as they were determined from electron diffraction.
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order of the vacancies has a preference for a modulation of four average unit cells
along the c axis. This behavior is further confirmed by a FT calculated from images acquired along the [100] direction (see Figure 3.7). This suggests that the
superstructure can be described using a unit cell of 7.51Å × 7.51Å × 30.04Å.
The ordering along one of the main crystallographic directions further explains
the fact that the nanocrystals exhibit a non-isotropic cuboid morphology with one
dimension different from the other two. As indicated in Figure 3.4 c, our results
show that in local parts of the nanocrystal neighboring Cu sites are absent. This
behavior creates “channels” of vacancies running through the nanocrystals along
two crystallographic directions: [100] and [010].

3.2.2

Structure property correlation

It is important to understand the correlation between structure and optical properties, including the effect of vacancies. The structural findings using electron
diffraction tomography and high resolution electron tomography are used as an
input for first-principal calculation and dielectric functions are calculated. Therefore, calculations of the dielectric properties were performed. The dielectric properties of the Pm-3n structure with all 24 Cu sites occupied were compared to the
properties of the 7.51Å × 7.51Å × 30.04Å superstructure created by the presence
of Cu vacancies. The distribution of the Cu vacancies is based on the findings from
the electron tomography reconstruction, where vacant Cu sites form “channels”
running through the nanocrystals.
In order to evaluate the importance of the vacancies, simulations of electron
energy loss spectra based on the calculated dielectric properties were performed
for cuboid-shaped particles with a size of 25 × 25 × 15 nm3 for both the structure
with all Cu sites occupied and for a structure with half of the sites vacant. Whereas
the energy loss spectrum from the structure without vacancies does not show any
distinct maximum in the region between 0 and 2 eV, the model including vacancies
predicts a distinct maximum in the low-loss function with a maximum around
1.35 eV (see Figure 3.8 a). This activity is consistent with the experimental EEL
spectrum ( Figure 3.8 a) that shows a band in the range between 1.1 and 1.7 eV.
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Figure 3.7: (a) HAADF-STEM image from a CuTe particle aligned along the
[100] direction. (b) The corresponding FT calculated from (a). (c) Section from
the reconstructed 3D reciprocal lattice perpendicular to the [001] direction and (d)
simulated kinematical electron diffraction pattern along the same direction based
on the structure including vacancies. In the FT a modulation can be observed
running along the vertical c direction. In (a) the corresponding modulation of four
times of the average unit cell along the c direction can be observed in some parts
of the particle. The electron diffraction data as well as the simulated diffraction
pattern exhibits the same modulation.
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We additionally simulated the optical absorbance spectrum using the calculated
dielectric properties, for cuboid-shaped particles with a size of 25 × 25 × 15
nm3 dispersed in toluene.The calculated spectrum, with a maximum ∼1,005 nm,
is in good agreement with the experimental one (maximum around 1,025 nm;
Figure 3.8 b). The agreement between the dielectric function calculations and the
experiments clearly demonstrates that the presence of the vacancies determines
the optical properties of the nanomaterial.

Figure 3.8: (a) Simulated electron energy loss spectrum calculated from the structure model with half of the Cu sites vacant (green) shows a distinct maximum,
as compared to the calculated activity based on the structure with all Cu positions occupied (blue). The experimental EEL spectrum after subtraction of the
carbon background is shown for comparison in red. As an inset, a visualization
of the morphology of the particle used for the simulation is shown. (b) Corresponding calculation of the optical extinction spectra in the visible near infrared
region region shows that the structure with vacancies (green) has a significantly
improved optical response compared to the model without vacancies (blue). The
experimental spectrum is shown in red.
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3.3

Conclusions

In summary, this work presents an accurate determination of the average structure
of a previously unknown CuTe phase in a nanocrystalline form based on 3D electron
diffraction data. A detailed study of the atomic structure using HAADF-STEM
tomography revealed the presence of “channels” of vacancies running through the
nanocrystals. The obtained structure was used to calculate the corresponding
optical properties, which were found to be in good agreement with experimental
data obtained from real nanocrystals. These results not only explain the plasmonic
properties of copper-deficient copper chalcogenides, but also demonstrate the application of atomic resolution tomography to reveal an unknown crystallographic
structure of complex nanocrystals containing defects.
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Chapter 4
Characterization of Porous Pt
Nanoparticles using Electron
Tomography
This chapter is based on:
B. Geboes, J. Ustarroz, K. Sentosun, H. Vanrompay, A. Hubin, S. Bals, T. Breugelmans, Electrochemical Behavior of Electrodeposited Nanoporous Pt Catalysts for
the Oxygen Reduction Reaction, ACS Catalysis, 6(9), (2016), 5856-5864
In this chapter, the structural characterization of porous Pt nanoparticles is presented. The synthesis of the samples is carried out by the Electrochemical and
Surface Engineering Laboratory at the University of Brussels. I was responsible
for all 2D and 3D TEM investigations.
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4.1

Introduction to Porous nanomaterials

Porous nanomaterials have attracted much attention due to their interesting physical properties, such as a high surface-to-volume ratio, which is interesting for
applications such as catalysis and drug delivery. According to the International
Union of Pure and Applied Chemistry classification, porous nanomaterials can be
divided into three classes depending on their pore sizes. Materials with a pore
size of 50 to 1000 nm are referred as macroporous materials. Smaller pores with a
diameter between 50 to 2 nm are called mesopores, whereas pores with a diameter
between 2 to 0.2 nm are denoted as micropores. Depending on the size of the pores,
the material is used for different application. In this thesis, both mesoporous (Pt
nanoparticles) and microporous nanomaterials (metal-organic frameworks) are investigated. A brief explanation about Pt nanoparticles is given in this chapter
whereas the introduction for metal organic frameworks is presented in chapter 6.
Pt nanoparticles
Platinum nanoparticles are one of the most promising catalysts for hydrogen oxidization and oxygen reduction in polymer electrolyte membrane fuel cells (PEMFC)
[119, 120]. The nanoparticles propel cathodic oxygen reduction reactions (ORR)
in fuel cells where oxygen is reduced to water by the transfer of four electrons and
four protons. However, the high cost of Pt constrains a broad deployment of Pt
nanoparticles in fuel cells. Several approaches have been studied to develop high
performance electro-catalysts, of which increasing the ratio of Pt surface atoms
is a possible route [121]. By increasing the surface to volume ratio, the surface
area increases and as a consequence the catalytic activity also increases. Another
approach is increasing the number of dangling bonds by avoiding the formation
of close packed, low index crystallographic facets at the surface. This yields an
enhanced electro-chemical activity [122, 123]. The improved activity is mediated
by alteration of the electronic structure of the surface atoms [124]. Moreover,
due to the biocompatibility of Pt nanoparticles, they can be useful for biomedical
applications, such as cancer therapy through photothermal treatment [125]. In
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general, colloidal chemistry [126–129] and electrodeposition [130, 131] techniques
are used for the synthesis of Pt nanoparticles. In this chapter, the porous structure
of Pt nanoparticles which are electrodeposited on a C support is investigated. By
using TEM and electron tomography, the surface area of single nanoparticles can
be directly evaluated. These microscopically obtained values can be correlated
to macroscopic properties. Hence, quantitative porosity estimation and pore size
determination in 3D needs to be performed.

4.2

3D Porosity investigation of Pt nanoparticles

PEMFCs are promising for sustainable energy cycle application [132] where Pt
nanoparticles are used both in the anode and cathode to split H2 and O2 molecules,
respectively. However, the high capital cost of PEMFCs compared to conventional
electricity production impedes their wide-spread implementation [133]. The high
Pt loading required to achieve sufficient reaction rates at the cathode side in PEMFCs, is a result of the slow ORR kinetics. As mentioned previously, the majority of
the investigated strategies are invested in improving the Pt efficiency. To increase
the ORR activity, different strategies are proposed by increasing Pt efficiency: (i)
generating small domains (nanopores), such that the reaction rate can be increased
since these confined reaction surroundings lead to higher frequency attempts, (ii)
increasing the surface to volume ratio, (iii) avoiding low-coordinate close packed
facets and planes and obtain high-coordinate facets at the surface to increase the
number of atoms and dangling bonds. In order to achieve these prerequisites,
a profound understanding of the 3D morphology of Pt nanoparticles is crucial.
Therefore, 3D characterization techniques should be applied.
Conventionally, porosity measurements are performed using a gas adsorption
method which follows the BET theory. These methods aim to quantify the physical
adsorption of gas molecules, such as N, O or H on a solid surface. When the
pressure of the the gas molecules is increased in the chamber containing the solid
which is originally kept at cryogenic temperature, the molecules start to condense
on the solid surface. First, the small pores are filled, then by increasing the
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gas pressure, all the accessible pores are filled up. By monitoring the change in
gas pressure, the amount of absorbed molecules can be measured. This method
provides information regarding the available pores and pore diameter of the solid
[134]. On the other hand, the development of electron tomography also allows
one to obtain information regarding the presence of pores and the surface area of
a specimen. Using electron tomography, porosity and surface area measurements
can be performed at the single nanoparticle level. An additional advantage of
electron tomography is that by visualizing the pore network, one can also study
the connectivity of pores.
In order to obtain highly porous Pt nanoparticles, two different routes are
generally used: (i) synthesizing the particles with colloidal chemistry and (ii)
electrodeposition of nanoparticles. Electrodeposition of Pt nanoparticles has numerous advantages over colloidal chemistry methods. For instance, for PEMFC
applications, the Pt nanoparticles need to be grown on a C substrate [135]. Hence,
after the synthesis, the Pt nanoparticles should be sputtered or sprayed on a C
substrate. However, electrodeposition of Pt can be performed directly on the C
substrate which decreases the processing time and thus the cost. More importantly, electrodeposited Pt is located in the regions where ionic and electronic
conductivity is high. This results in the deposition of Pt nanoparticles located
at electronically active regions, which increases the efficiency in comparison to
sputtering and spraying where Pt nanoparticles are randomly dispersed on the C
substrate.
In this study, the samples are prepared using a direct double-pulse electrodeposition procedure at room temperature. Using this method, nuclei formation and
growth are separated in time, by first applying a short nucleation pulse of high
over-potential, followed by a longer growth pulse of lower overpotential, in respect
to the first pulse. Relatively mono-disperse metal nanoparticles have since been
synthesized on several occasions [136, 137]. In this manner, two samples are prepared using different parameters. For the first sample, a double pulse deposition
of Pt is performed with a nucleation pulse of -0.4 V for 50 seconds and a growth
pulse of -0.1 V for 50 seconds. For the second sample, the deposition procedure
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comprises a nucleation pulse of -0.6 V for 50 s and a growth pulse of -0.2 V for
100 s. These samples are referred to in the text as low and high over-potential
deposits, respectively. The discussed deposition procedures are selected on the
basis of nanoporosity from a prior parameter study. The results can be separated in two parts. In the first part, a morphological characterization of the Pt
nanoparticles, which are electrodeposited at different conditions, is performed. In
the second part, the stability of Pt nanoparticles morphology towards the ORR is
investigated by electron tomography.

4.2.1

2D Characterization

Field emission scanning electron microscopy (SEM) images were used to elaborate
statistics of the particle distributions [131]. The average particle size of the low
over-potential deposition is 89 nm compared to 116 nm for the high over-potential
procedure. The difference in average particle size is a result of longer growth time
(100 seconds) using the latter procedure. The histograms obtained from the SEM
images for the low and high over-potential deposits are shown in Figure 4.1 a and
b, respectively. In both a bimodal size distribution can be observed with a limited
amount of smaller nanoparticles around 10 nm in diameter in addition to larger
deposits. Such a bimodal size distribution is common in electrodeposition even
when a double pulse procedure is used [138]. The fraction of small nanoparticles
is limited to 3% and 8% in the low and high over-potential samples, respectively.
HAADF-STEM images of Pt nanoparticles from the high and low over-potential
deposition are shown in Figure 4.2 a and b, respectively. The HAADF-STEM image indicates that the nanoparticles are formed by agglomeration of small (3-4
nm) Pt particles (highlighted by a red circle) in Figure 4.2 a. Spike formation
at the edges is observed as illustrated in Figure 4.2 a. Moreover, low intensity
regions are observed and indicated with a green arrow. Since the intensity of a
HAADF-STEM image scales with the thickness, these areas correspond to a pore
in the structure.
In Figure 4.2 b and c, representative HAADF-STEM images from the sample
with low over-potential are presented. For this sample, the morphology is slightly
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Figure 4.1: Histograms showing the particle size distribution calculated from SEM
data of the low over-potential (a) and high over-potential (b) sample.

Figure 4.2: (a) HAADF-STEM image from a high over-potential nanoparticle,
(b,c) a low over-potential nanoparticle in different particle sizes, (d) the FT of the
image displayed in c.
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different in comparison to high over-potential sample. Spike formation is not observed and a more spherical shape of the particles is found. Moreover, the number
of low intensity regions, which are highlighted by green arrows, is increased. Therefore, the sample porosity is expected to be higher in comparison to the previous
sample. Figure 4.2 c shows a smaller nanoparticle and the crystal structure of the
agglomerate is revealed by high resolution HAADF-STEM imaging. These high
resolution HAADF-STEM images are obtained using a cubed FEI Titan 60-300
microscope operated at 300 kV. A high resolution image from an agglomerate is
shown in the inset of Figure 4.2 c and the FT is presented in Figure 4.2 d. The
indexed planes clearly proves the poly-crystallinity of the sample and the presence
of both low (200) and (111) and higher index (220) and (331) lattice planes. The
presence of high index lattice planes are favorable for better catalytic activity since
they yield a higher amount of dangling bonds and bonding energy is available if
they are located in the surface [122, 123].

4.2.2

3D Characterization

In order to gain better insight into the 3D morphology and thereby the porosity
of the electrodeposited nanostructures, HAADF-STEM tomography experiments
were performed for both high and low over-potential deposits. To obtain unbiased
information, nanoparticles of different sizes were investigated. For each selected
particle size, electron tomography is performed for two different nanoparticles.
The electron tomography experiments were performed using a FEI Tecnai G2 microscope operated at 200 kV. A Fischione tomography holder (model 2020) is used
and the tilt series were acquired over a tilt range of ±74◦ with a 3◦ increment. The
tilt series was aligned using FEI Inspec3D [21] and reconstructed using the SIRT
implementation of the ASTRA-Toolbox [92]. The outcome of the electron tomography experiment for both high and low over-potential nanoparticles is presented
in Figure 4.3.
A 3D visualization of the reconstruction and an orthoslice through the 3D
reconstruction obtained from a 115 nm high over-potential particle (corresponding
to the average particle size that was determined by SEM analysis) is presented in
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Figure 4.3 a and b, respectively. It is clear that the surface area of the nanoparticles
exhibits a dendritic morphology, which leads to an increased surface/volume ratio
of the nanoparticle. However, a slice through the reconstruction, presented in
Figure 4.3 b, clearly reveals that the small channels inside the nanoparticle are
present.
The diameter of these pores are estimated from the 3D reconstruction and
were found to be approximately equal to 3-4 nm. In previous work [34], it was
shown that the missing wedge influences quantitative measurements from a 3D
reconstruction. In case a missing wedge of ∼40◦ is present in a SIRT reconstruction (which corresponds to the missing wedge here), it is shown that elongated
structures are obtained and the error bar for quantitative measurement is ±15%.
These internal pores are of significant importance for catalytic activity since
they yield increased surface area if they are connected to the outer surface. In order
to understand whether these pores have a connection to the surface, an analysis of
the 3D reconstructions is required. To perform this analysis, each slice of the 3D
reconstruction is analyzed using a dedicated algorithm developed by Vanrompay
et al. [139]. The algorithm requires a segmentation of the 3D reconstruction,
where voxels are classified as Pt (VP t ) or pores in the Pt particle. Next, the voxels
corresponding to empty space (pores) are analyzed and divided into two classes.
The voxels that have a connection with the exterior (Ve ) are distinguished from
the voxels that have no connection with the exterior (Vi ) and which therefore
correspond to internal voids inside the Pt nanoparticle. Finally, the porosity P
is defined using equation 4.1 as the volume ratio between the pores that have a
connection with the exterior Ve and the entire volume of the Pt nanoparticle.
Ve
P =
(4.1)
VP t + Ve + V i
The analysis of the 2D orthoslices from the 3D reconstructions of high overpotential nanoparticles revealed that limited number of the internal pores have a
connection to the outer surface of the nanoparticle which classifies them as a void
or cavity within the structure. Such types of cavities are chemically inactive since
they have no connection to the outer surface of the nanoparticle. An internal cavity
is highlighted with a green arrow in Figure 4.3 b. However, we have to emphasize
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Figure 4.3: 3D visualization of the electron tomography reconstruction and a slice
through the 3D data set are depicted for high over-potential (a,b) and low overpotential particles (c,d), respectively. The dendritic morphology of the low overpotential particle can be clearly observed from the 3D visualization. The red arrow
indicates a dendrite on the surface while the green arrows indicate pores.
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that we can only conclude that this pore is a cavity based on the 3D analysis of the
all the orthoslices. The porosity extracted from the 3D reconstruction of several
nanoparticles is plotted in function of particle size in Figure 4.4.
Based on this analysis, the high over-potential catalyst has a porosity of ca.
5% in the entire measurement range of particle size (black circles). The porosity
in these particles is mainly formed through surface roughness, while almost no
internal pores are accessible. A similar investigation is also performed on the low
over-potential sample. A 3D visualization of the reconstruction and a slice through
the 3D reconstruction of a low over-potential particle is presented in Figure 4.3 c
and d, respectively. The particle has a diameter of ca. 88 nm which corresponds
to the average particle size calculated from SEM images. Figure 4.3 c confirms the
highly dendritic morphology which is present in the nanoparticle (c.f. Figure 4.3
c and a). Compared to the first sample, the highly dendritic morphology of the
sample drastically increases the surface area which should improve the catalytic
efficiency of these nanostructures for catalytic activity. The analysis of the 2D
slices through the 3D reconstruction revealed the quasi-spherical protuberance of
ca. 2.5 ± 0.4 nm at the outer edges of the nanostructure which are highlighted
with a circle in Figure 4.3 d. These spherical structures are linked to the rest of
the nanoparticle by narrower necks which are depicted with an arrow. For each
selected nanoparticle, the porosity is calculated as explained by Equation 4.1 and
plotted in function of particle size (red circles in Figure 4.4). In the low overpotential particles a clear size dependency of porosity is visible. Although with
porosities between 17 and 28 % for all measured low over-potential particles, there
is a significant difference compared to the values of the high over-potential catalyst
particles.

4.2.3

Growth mechanism of electrodeposited Pt nanoparticles

The growth of nanoparticle or thin films on a substrate consists of 6 main steps.
(i) Adsorption of atoms or molecules on substrate, (ii) surface diffusion, (iii) formation of molecule-molecule and substrate-molecule bondings, (iv) nucleation by
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Figure 4.4: Porosity values calculated from the 3D tomography reconstruction for
the as-deposited low (red circles) and high over-potential catalysts (black circles).
Porosity values after catalyst degradation using 600 potential cycles between 0.1
and 1.5 V are shown for the low (red triangles) and high over-potential catalysts
(black triangles).

means of aggregation of single atoms or molecules, (v) structure and crystal structure formation, (vi) further particle growth by means of diffusion or grain growth
[140]. The growth mechanism in electrodeposition of Pt nanoparticles is explained
in Ustarroz et al. [141]. In very early stages, by the application of a negative
potential, small clusters of 2-4 nm are formed and randomly distributed on a C
substrate. A representative high resolution HAADF-STEM image of such a small
cluster is shown as an inset in Figure 4.2 c. These clusters are bonded to the substrate with weak Van der Waals bonds. By applying a negative potential (-0.4 V),
the weak Van der Waals bonds break and surface diffusion of these clusters over the
C substrate takes place. When the particles connect due to the particle-particle
attractive Van der Waals forces, nanoclusters tend to coalesce. This results in aggregative nucleation events. Hence, particles form by aggregation of small clusters
with high porosity as shown in Figure 4.3 c (low over-potential nanoparticles).
After the nucleation pulse, the over-potential is changed to -0.1 V and growth of
the nanoparticle continues with direct attachment of reduced Pt ions.
As shown in Figure 4.2 a and 4.3 a, when a higher over-potential is applied,
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smoother and less porous nanostructures are obtained. This may be due to a
second recrystallization because of the higher over-potential. As a consequence
of the recrystallization the nanoparticle, the porous structure degrades and less
porous particles are obtained.

4.2.4

Investigation of Electrocatalytic Stability of Pt nanostructures using Electron Tomography

Although porous Pt nanoparticles may increase the ORR efficiency in the early life
stages of the PEMFC’s, their application is only possible if they can maintain their
activity under the operative conditions of fuel cells. To investigate the stability
of Pt nanoparticles towards the ORR efficiency under harsh fuel cell start-up
conditions, electron tomography is carried out on the same sample batch before
and after 600 oxidation/reduction cycles. The top row in Figure 4.5 shows the 3D
morphology and a slice through the 3D reconstruction of the nanoparticles before
electrochemical cycling. Figures on the bottom row show the 3D morphology
of the nanoparticles after 600 potential cycles of oxidation/reduction. The first
prominent result is that, for both electrodeposited samples, the morphology of the
Pt nanostructures drastically changes after 600 cycles. A substantial collapse of
the nanopores is clearly visible in the 3D particle reconstruction. The porosity of
both as-prepared and degraded nanoparticle’ as a function of particle diameter is
shown in Figure 4.4. Porosity of the as-prepared low over-potential catalyst (red
circles) around 100 nm is in the range of 25%±3%. After degradation through
potential cycling (red triangles) the porosity is diminished to ca. 10%±3%. The
high over-potential catalyst only has a porosity of ca. 5%±3% before and after
degradation (black circles and black triangles in Figure 4.4, respectively) over the
entire range of measured diameters. It appears that a semistable morphology is
obtained. This is an indication that the collapse of nanopores is not a part of the
degradation mechanism for the high over-potential catalyst.
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Figure 4.5: Representative visualization of a 3D reconstruction of a Pt nanoparticle
electrodeposited with low over-potential (a) before and (c) after electrochemical
cycling. Representative orthoslice of a Pt nanoparticle electrodeposited with low
over-potential (b) before and (d) after electrochemical cycling. Representative
visualization of a 3D reconstruction of a Pt nanoparticle electrodeposited with
high over-potential (e) before and (g) after electrochemical cycling. Representative
orthoslice of a Pt nanoparticle electrodeposited with high over-potential (f) before
and (h) after electrochemical cycling.
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Conclusions

The influence of high and low over-potential is investigated using 2D and 3D TEM
methods. It is clearly observed that, in each case, the growth of polycrystalline
Pt nanoparticles is obtained. Moreover, in the case of low over-potential, electron
tomography showed that the Pt catalysts samples have a highly dendritic morphology with large surface to volume ratio and that the pores were accessible to oxygen
species. As a result of the accessibility of the active sites inside the nanopores,
an enhancement of the electrochemical surface area corrected ORR activity was
observed at the highly porous structures. This is of great importance for the
production of highly efficient Pt catalyst which may reduce the cost of PEMFC.
Successive potential cycling of Pt nanoparticles in oxidation/reduction region leads
to a significant reduction of the active surface area due to a partial collapse of the
open nanopores. This results in more compact and smooth nanostructures.
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Combination of HAADF-STEM
and ADF-STEM Tomography for
Core-Shell Hybrid Materials.
This chapter is based on:
K. Sentosun, M.N. Sanz Ortiz, K.J. Batenburg, L.M. Liz-Marzan, S. Bals, Combination of HAADF-STEM and ADF-STEM Tomography for Core-Shell Hybrid
Materials, Particle & Particle Systems Characterization, 32(12), (2015), 1063-1067
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Introduction to Multi-functional nanoparticles

In chapter 2, 3D characterization of Au nanoparticles for SERS applications was
presented. To increase their applicability and broaden the application field, such
particles are combined with different functional nanomaterials [142]. This resulted
in multi-functional nanoparticles. The plasmonic properties of Au nanorods make
them a great candidate for light based imaging and therapeutic techniques. For instance, using the photothermal effect they can be used as a local heat source which
can be applied in hyperthermal cancer therapy or they may trigger drug release for
chemotherapeutics [143]. However, using these nanoparticles in such applications
is not straightforward, since the surface area of such nanoparticles is low and the
loading of the drug amount is limited. Another problem is the colloidal stability
of these nanoparticles which needs to be increased since they tend to form clusters
and aggregates. To overcome these problems, mesoporous silica can be used. The
discovery and development of mesoporous silica attracted great interest in material science [144]. These nanomaterials possess narrow pore size which leads to
large internal surface area. For instance, the high surface area of mesoporous silica
grants high amount of drug load. Moreover, the silica coating prevents the aggregation of the Au nanoparticles. An efficient route to combine these nanostructures
is encapsulating plasmonic nanoparticles such as Au with mesoporous silica which
leads to core-shell type muti-functional nanostructures. As the nanostructure becomes more complex, 3D characterization also becomes more difficult. To perform
an unambiguous characterization of such multi-functional nanoparticles, the development of novel techniques is necessary. A methodology to characterize core-shell
nanostructures comprising both heavy and light elements in the same confined
region is presented in this chapter. Here, a novel material targeted 3D characterization method was developed to characterize functional nanoparticles which
have components made of heavy and light atoms in the same confined region is
presented.
Over the last decades, electron tomography has evolved into a standard tech74
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nique to investigate the 3D structure of a broad range of (nano)materials [20, 64,
145–148]. To reconstruct the 3D structure of an object from its 2D projections,
a monotonic relationship between image intensity and mass-thickness is required
[20]. When applying electron tomography to crystalline solids, diffraction contrast must therefore be avoided [149]. Indeed, diffraction contrast depends on the
orientation of the object with respect to the electron beam and therefore the projection requirement for electron tomography is not fulfilled [20]. As a consequence,
artefacts will occur in the final 3D reconstruction [150, 151]. This is one of the
main reasons why electron tomography in materials science is mostly based on
HAADF-STEM [20, 152]. For each composition, the intensity of the HAADFSTEM images changes monotonically with specimen thickness thus fulfilling the
projection requirement. To obtain 3D reconstructions from HAADF-STEM tilt
series, reconstruction algorithms such as the SIRT [42], TVM [34, 44] and the discrete algebraic reconstruction technique [153] are currently used. Also for samples
that consist of more than one type of element, HAADF-STEM tomography is very
valuable since not only morphological, but also chemical information can be extracted [152]. However, for samples in which elements with a high and low atomic
number (Z) are simultaneously present, data acquisition becomes even more challenging. Since the intensity is strongly dependent on the atomic number [152], a
high difference in Z in the material leads to a large difference in the collected signal
that is not always possible to cover with the detector’s dynamic range. Therefore,
some areas of the image can be either over - or under saturated. This situation is
often encountered when investigating core-shell hybrid materials such as nanoparticles encapsulated by a lighter matrix. In this chapter, we propose an improved
approach to obtain reliable 3D reconstructions for these systems, which requires
optimization of both the acquisition technique and the reconstruction algorithm.
During the acquisition, HAADF-STEM images are acquired using different collection angles through the simultaneous use of different (HA)ADF detectors. Prior to
the reconstruction, advanced masking and interpolation will be applied. As an example, we focus here on the reconstruction of a pentatwinned Au nanorod coated
with a mesoporous silica shell. These types of materials are of great interest due to
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applications in catalysis, bio-sensing and non-linear optics [154–157]. Our results
are equally applicable to other hybrid nanosystems such as coated bio-templates,
porous materials loaded with nanoparticles or carbon nanotubes that are covered
with an inorganic layer.

5.1.1

Experimental Details

The synthesis of penta-twinned Au nanorods was carried out following a previously reported protocol [7]. Coating with mesoporous SiO2 was obtained by a
surfactant-templated synthesis adapted from the Stöber method were the pentatwinned nanorods acted as the nucleation site. CTAB was used as surfactant
and tetraethoxysilane as the silica source [158]. Samples for TEM were prepared
by casting drops of ethanol suspension containing the penta-twinned Au@SiO2
nanoparticles on a quantifoil carbon TEM grid. The grid was placed in a model
2020 Fischione Instruments tomography holder. Tilt series were recorded using
a FEI Tecnai Osiris electron microscope at an operating voltage of 120 kV. The
probe convergence semi-angle equaled 7 mrad and a camera length of 34 mm
was selected to obtain incoherent image formation using a HAADF-STEM detector corresponding to inner and outer collection semi-angles of 150 mrad and 220
mrad, respectively. ADF-STEM images were acquired using a different detector
present in the column. A camera length of 34 mm was used yielding inner and
outer semi-angles of 35 mrad and 125 mrad, respectively. Tilt series of HAADFSTEM and ADF-STEM images were simultaneously recorded at angles ranging
from +74◦ to -73◦ with a 3◦ increment. The projection images were aligned using
a cross-correlation algorithm together with a manual tilt axis adjustment implemented in the FEI Inspec3D software [21]. Both tilt series were aligned using the
same shifts and tilt axis adjustments. After additional processing, the tilt series
were reconstructed via SIRT implementation of the ASTRA tomography toolbox
[92, 159] with 100 iterations. For 3D visualizations, the Amira software was used.
For the Au nanoparticle an iso-surface rendering was used and in order to visualize the silica a volume rendering was applied. Hereby, a low alpha-scale was used
in order to obtain sufficient transparency such that the Au nanoparticle remains
76

Chapter 5
visible.

5.1.2

Conventional Reconstruction

Investigation of the interface between the Au nanorod and the SiO2 shell and
determination of the size and the orientation of the pores, requires 3D characterization by electron tomography. Therefore, tilt series of HAADF-STEM images
were acquired. Figure 5.1 a, presents a representative 2D HAADF-STEM image
from the tilt series. When using HAADF-STEM, the signal is proportional to
Z n (1.6 < n < 2), n depending on the collection angle of the (HA)ADF-STEM
detector [11]. In practice, the collection angle can be tuned within a specific range
by changing the camera length of a given detector. Even more flexibility is provided in modern TEM instruments in which more than one (HA)ADF detector
is often available. It is therefore possible to optimize the contrast between different elements through a careful selection of the collection angles. In Figure 5.1 a,

Figure 5.1: TEM image of a penta-twinned Au@SiO2 particle. (a) The micrograph
was acquired using HAADF-STEM. The core can be clearly seen but the intensity
from the shell is too low. (b) The micrograph was acquired using ADF STEM,
showing that the intensity from the SiO2 shell becomes prominent.
the signal from the Au core is clear, but the intensity obtained from the shell is
very weak due to the relatively low atomic number elements contained in SiO2 .
The inner and outer collection angles of the HAADF detector used during the
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acquisition of the tilt series for electron tomography were 150 mrad and 220 mrad,
respectively. The collection angle was optimized to avoid diffraction effects, but
clearly no information on the SiO2 shell can be obtained when using these images
as an input for 3D reconstruction. In order to obtain information from Au and
SiO2 simultaneously, smaller collection angles should be used. In Figure 5.1 b, an
ADF-STEM image is depicted, which was acquired using an ADF detector resulting in inner and outer collection angles of 35 mrad and 125 mrad, respectively.
It is clear that using this set-up, both the Au core and the SiO2 shell can be
visualized. The Au nanorod appears to be homogeneously coated with the silica
shell and one can observe that the shell has a porous morphology. A full tilt series
of ADF-STEM images was acquired under the same conditions and used as an
input for 3D reconstruction. A 3D visualization of the reconstruction, as well as
an orthoslice through the reconstruction, is presented in Figure 5.2. Orthoslices
through the 3D reconstruction along the XZ and XY orientations (Figure 5.2 a, b)
clearly show the presence of artifacts, which can be seen as dark areas and streaks
in the vicinity of the Au nanorod. Also in the 3D visualizations (Figure 5.2 c,
d), the artefacts are obvious. These artefacts appear due to a combination of the
reasons listed below.
1- Diffraction contrast: artefacts originate because of the crystalline nature
of the penta-twinned Au nanorod. Such type of metal streak artefacts are also
encountered in X-ray computed tomography [150, 151] and caused by non-linear
attenuated projection data.
2- High contrast in 2D projection images: high contrast artefacts are often encountered when using fiducial Au markers in biological tomography series. These
artefacts were already described in a previous study [160]. Here, a high contrast
difference is present between the Au nanorod and SiO2 in the HAADF-STEM
images. Since the observed artefacts may cause loss of information or may lead
to misinterpretation, it is extremely challenging to obtain reliable 3D results for
core-shell hybrid materials using conventional electron tomography. When selecting an optimal value for the collection angle, a compromise is needed between
optimal contrast, produced by the atomic number of coexisting elements, and the
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Figure 5.2: Reconstruction of a penta-twinned Au@SiO2 particle, using an ADFSTEM tilt series. (a,b) Slices through the silica coated penta-twinned Au nanorod
viewed in XZ (a) and XY (b) orientations. Dark and streaking artefacts can
be observed in the vicinity of the Au nanorod and are highlighted with white
arrow. (c,d) Volume renderings of the ADF-STEM reconstruction viewed along
XZ and XY orientations. The Au nanorod is depicted in light green and the
surrounding silica is shown in blue. Although information from silica is present in
the reconstruction, the resolution of the reconstruction is limited by the artefacts.
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minimization of diffraction contrast.

5.1.3

Optimization of acquisition of tilt series

A possible approach to solve the problem is the acquisition of two tilt series for
this type of core-shell nanoparticles: one series with a low collection angle to
obtain information from the part of the sample containing low atomic number
elements and a second series at higher collection angle such that diffraction effects
are removed. However, such an experiment would acquire double the amount of
incoming electrons and as a consequence, the morphology of the hybrid structure
might be different during the acquisition of the first and second tilt series because of
electron beam damage. This will be especially problematic in the case of sensitive
materials, such as the mesoporous shell surrounding the Au nanorod. We here
overcome this limitation by exploiting the flexibility of modern TEM instruments
that enable one to collect multiple (HA)ADF-STEM series simultaneously, by using
different (HA)ADF detectors at the same time. In this manner, one is able to
simultaneously collect two tilt series while keeping the necessary electron dose the
same. As such, this multi-mode approach is very dose-efficient. This multi-mode
approach is very dose-efficient, as one is able to collect 2 images while keeping the
necessary electron dose the same. Tilt series were simultaneously acquired using
an ADF detector with inner and outer collection angles of 35 mrad and 125 mrad
and a HAADF-STEM detector using inner and outer collection angles of 150 mrad
and 220 mrad, respectively.

5.1.4

Optimization of the 3D reconstruction procedure

To remove the artefacts that appear in the ADF-STEM tilt series, we propose an
approach in which the complete Au nanoparticle is removed from the ADF-STEM
projection images. First, the pixels corresponding to the Au nanorod were selected
in the projection images of HAADF-STEM by applying a threshold. According
to their histograms, the projection images were segmented into 3 regions; the
core, the shell and the surrounding C grid. As expected, the intensity values
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of the core were found to be higher in comparison to the shell. The threshold
for masking was set to a value slightly higher than the intensity of the areas
consisting of SiO2 . For other types of hybrid materials, this threshold value can be
similarly determined, based on the compound with lowest intensity. Subsequently,
the selected pixels for the Au core were removed from the projection images (Figure
5.3 b) and replaced by a new intensity value as described below. In order to

Figure 5.3: Different steps toward the optimization of the reconstruction of a ADFSTEM tilt series. (a) Micrograph acquired using ADF-STEM (b) After image
segmentation, the pixels corresponding to the Au nanorod in SiO2 were removed.
(c) Final image after the inpainting procedure. The removed pixels were replaced
by the surrounding texture.
achieve maximum correspondence between the selected (removed) region for the
Au nanorod and its surrounding in each of the projection images, a technique
known as inpainting was applied. This approach replaces the absent information
by a continuation of the texture of the surrounding area. Inpainting has already
been applied successfully in the field of X-ray tomography [161, 162] and during
cryo electron tomography experiments in order to reduce metal originated artifacts
[161]. In this paper, we focus on the inpainting method implemented in the MatLab
software package. More technical details can be found in [163, 164]. This function
fills the missing data (represented by a pixel mask) by iteratively propagating the
available information at the boundaries into the area in which data are missing. In
order to obtain a good correspondence between the recreated (inpainted) region
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and the SiO2 shell, 200 inpainting iterations were applied. This procedure was
performed for each projection image of the tilt series separately, one representative
image being depicted in Figure 5.3 c.
The processed tilt series was then used as an input for 3D reconstruction using
the SIRT algorithm implemented in the ASTRA toolbox. Slices through the 3D reconstruction based on the modified ADF-STEM series are presented in Figure 5.4
a, b, along the XZ and XY orientations, respectively. From these reconstructions,
the porous structure of the shell is clearly observed and artefacts are greatly reduced as compared to Figure 5.2. Finally, the 3D HAADF-STEM and ADF-STEM
reconstructions are combined into one single visualization using the AMIRA software. The result of this procedure is presented in Figure 5.4 c and d. In Figure 5.4
c, the reconstruction of the Au nanorod was obtained via HAADF-STEM tomography. The surrounding SiO2 was reconstructed using ADF-STEM tomography with
an optimization of reconstruction algorithm. After careful investigation, we conclude that the pores are mainly originating from the surface of the Au nanorod and
the pore channels are oriented in a radial manner. Furthermore, the quality of the
reconstruction enables us to estimate the average pore size, which was determined
to be 2.5 nm (±0.4 nm). Using the optimized approach for electron tomography
that we present here, we were able to minimize the loss of information in the vicinity of the Au nanorod, yielding a full characterization of the 3D structure of the
Au-SiO2 hybrids. Such 3D investigation could not be obtained using conventional
tomography. One can expect missing information in the final SiO2 reconstruction
because of the removal of the Au nanorod from the projection images. Indeed,
due to the overlap of Au and SiO2 in the 2D HAADF-STEM projection images,
the removed pixels contain information from both Au and SiO2 . Nevertheless in
the final reconstruction the effect of such missing information was not prevalent.
A likely explanation is that the removed intensity values were strongly dominated
by the contribution of the intensity originating from the Au nanorod and a minor
contribution from SiO2 expected to be present. In addition, when the nanoparticle
was tilted to higher/lower tilt angles, the previously removed information could
be retrieved in the subsequent projections. We could consider that the effect of
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Figure 5.4: 3D reconstruction of penta-twinned Au@SiO2 using ADF-STEM and
HAADF-STEM tomography. The Au nanorod and silica shell are displayed in
yellow and blue, respectively The reconstruction was obtained using HAADFSTEM tomography for the Au core and by ADF-STEM for the silica shell. (a)
Orthoslices through the mesoporous silica shell, viewed in XZ and XY orientation.
After optimization of reconstruction, dark and streaking artefacts (see Figure 5.2
a, b) were eliminated. (c,d) Volume renderings of the ADF-STEM reconstruction
viewed along XZ and XY orientations. The pores and channels can be clearly
visualized.

83

5.2. Conclusions
the procedure we propose here is equivalent to the effect of a small missing wedge.
Given the dominant nature of the artefacts as presented in Figure 5.2, the effect
of removing pixels that contain intensity from the SiO2 is much less significant.

5.2

Conclusions

In this study we proposed a novel approach to reconstruct the structure of hybrid core-shell nanomaterials. Both the acquisition and reconstruction during an
electron tomography experiment were hereby optimized. Tilt series were acquired
in a dose-efficient manner by simultaneously collecting images using 2 different
(HA)ADF-STEM detectors. Furthermore, an advanced masking and inpainting
procedure was applied to remove artifacts that are present in a conventional tomography reconstruction. In this manner, we were able to reliably characterize
the structure of mesoporous silica coated penta-twinned Au nanorods. It must be
noted that the methodology we propose here is generally applicable to a broad
range of core shell hybrid nanostructures, each structure in Figure 1.17 was reconstructed using the proposed methodology.
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In this chapter, structural characterization of plasmonic Au nanoparticles coated
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with mesoporous SiO2 and ZIF-8 is presented. The synthesis and the optical characterization of the samples was carried out at the Bionanoplasmonics Laboratory,
CIC biomaGUNE and Departamento de Quimica Fisica in Universidade de Vigo
(Spain). I was responsible for the 2D and 3D characterization and hereby used the
technique that I developed in chapter 5.
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6.1

Introduction

The characterization of hybrid core-shell nanoparticles consisting of plasmonic and
porous components using 2D and 3D TEM techniques is discussed in this chapter.
First, a brief explanation on the investigated nanostructures (Au-Ag nanoparticles, mesoporous silica and metal organic frameworks) is presented. Results are
discussed in two parts. In the first part, the characterization of mesoporous SiO2
(silica) encapsulating Au or Au-Ag nanoparticles is discussed. The results of TEM
characterization of ZIF-8 coated Au-Ag nanoparticle is presented in the second
part.
Au-Ag nanoparticles
Both Au and Ag exhibit plasmonic properties and by combining both metals, the
LSPR response can be tuned [165, 166]. Since the plasmon resonance of Ag can
be engineered to any wavelength in the visible spectrum by varying the shape, the
use of Ag for plasmonic applications is of great value [167, 168]. The structure
of bimetallic nanoparticles is determined by the distribution of the two components either corresponding to alloys or core-shell structures [169]. In particular,
bimetallic nanoparticles which are formed with a core-shell structure often display improved physical properties [170]. Representative Au@Ag core-shell type
nanoparticles are presented in Figure 6.1.
Nanoparticles with LSPR in the near-infrared (680-900nm) are of special interest since they allow applications in deep-tissue imaging due to low absorption
of near infrared light by biological fluids [49, 171]. The combined properties of
Au-Ag leads to enhanced shape control of the particles due to the presence of Au
and plasmonic properties due to the presence of Ag. Hence, Au-Ag nanostructures are extensively studied because of their possible applications in SERS [172].
Here, both the structure and the growth mechanisms of bimetallic nanoparticles
combined with mesoporous silica and metal organic frameworks is investigated.
Given the often anisotropic and complex nature of the particles, the need for a
characterization in 3D is obvious.
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Figure 6.1: TEM images from Au@Ag nanoparticles. The Au nanoparticles yield
higher intensity.
Mesoporous silica
Silica is an attractive material for biomedical applications due to its chemical and
physical stability and low cost. Porous silica nanoparticles with varying pore diameter and a hexagonal arrangement were synthesized for the first time at the University of California in Santa Barbara. These particles contain a connective pore
system that enhances the surface area and the diffusion within the nanoparticle.
Mesoporous silica was mainly designed to be a molecular sieve with well-adjusted
pore diameter and pore channels which controls the diffusion of certain sizes of
molecules. The most common types of mesoporous silica nanoparticles are known
as SBA-X. SBA is an abbreviation of Santa Barbara Amorphous type materials
and X refers to a specific pore structure and diameter [173, 174]. For SBA-type
nanoparticles, a hexagonal pore structure is achieved for different pore diameters
ranging between 2 and 30 nm.
Due to its adjustable pore size and structure, mesoporous silica is also used as a
template for the growth of different metals and metal oxides [175, 176]. Moreover,
filling the channels with a drug or cytotoxin or with methanol also led to their use
as a drug carrier in biomedical applications [177–179] and in storage of methanol
[180]. Mesoporous silica is furthermore applied in colloidal chemistry to enhance
the colloidal stability of nanoparticles such as Fe [181] and Au (see Figure 6.2)
[182] by encapsulating the nanoparticles.
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Figure 6.2: TEM image of a mesoporous silica with a Au nanorod.
The combination of mesoporous silica with plasmonic nanoparticles in a coreshell structure, is studied in this chapter. The characterization of the combination
of an organic compound (silica) with an inorganic nanoparticle (Au or Au@Ag)
is far from straightforward. A methodology to study both components in these
complex nanostructures in a reliable manner is discussed in chapter 5.

Metal organic frameworks
MOFs are open crystalline frameworks with permanent porosity, consisting of
joined secondary building units (SBU) containing transition metal ions (connectors) with strongly bonding organic linkers (Figure 6.3). By combining different
SBUs with organic linkers, thousands of different compounds can be synthesized
[183]. Depending on the metal oxidation state, coordination numbers may vary
between 2 and 7 which gives rise to coordination networks with different geometries. Combination of coordination networks in 3 dimensions yields a nanoparticle
which is called a MOF. MOFs are studied because of their ultra-high porosity and
extraordinary large pore opening which yields a very large surface area. Combining multi-functional MOFs into a single framework offers many opportunities for
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the design of complex pores. By varying the SBUs or the organic linkers, different
types of MOFs have been designed of which HKUST [184], MIL [185], UiO [186]
and the zeolitic imidazolate framework (ZIF) [187] are most studied. MOFs, are
generally, named by the department where they were synthesized, therefore, the
MOF names do not represent a particular abbreviation. The SBU unit, organic
linker, pore size and surface area of the aforementioned MOF types are presented
in Table 6.1. Among them, ZIF is a well-known and broadly studied MOF subcategory. They are of special interest due to their high chemical stability in water,
aqueous alkaline solution and organic solvents [188–191]. For the synthesis of the
ZIFs, the zeolite structure is imitated. Zeolites are crystalline microporous aluminosilicates based on AlO4 and SiO4 tetrahedra that are connected by shared
oxygen atom bridges. For the synthesis of ZIF-8, Si-O-Si bonds in zeolites are
imitated by generating Metal-imidazolate ligand-Metal bonds (usually a Zn2+ or
Co2+ are used as metal). A difference of ZIFs in comparison to zeolites is that the
metal centers in ZIFs are stable, however, the imidazolate ligands are not. They
can flip and rotate which determines the pore size. This brings extra flexibility for
modification of pore size of the MOF nanocrystals in comparison to zeolites.
Table 6.1: Comparison of different MOF types in terms of organic-inorganic compounds and pore size and surface area.
SBU unit
Organic Linker

Pore size(Å)

*BET surface area m2 \g

HKUST-1

Cu3

Benzenetrcarboxylic

9.0

692.2

MIL-53

Al(OH)

Benzenetrcarboxylate

7.1

1203

UiO-66

Zr6 O6

Benzenetrcarboxylate

6.0

833.4

ZIF-8

Zn

2-methylimidazolate

11.6

1413

*Brunauer-Emmett-Teller (BET) is a measure that explains the physical
adsorption of gas molecules on a solid surface and establishes the basis for an
analysis technique for the measurement of the specific surface area of materials.

The adjustable porous structure has made MOFs perfect candidates for fuel
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Figure 6.3: Build-up of a 3D MOF showing the building blocks and coordination
network.

storage and gas molecule adsorption. Kitagawa et al. reported in 1997 the reversible adsorption of gas molecules such as CH4 , N2 and O2 in MOF structures,
which was exclusively known in zeolites and organic porous materials [192]. Moreover, ZIF-8 can be used in gas phase catalysis applications such as CO oxidation.
As mentioned previously, small Au nanoparticles with a size of 2-3 nm can be used
in oxidation of CO. Therefore, such small nanoparticles can be embedded in ZIF-8
structure. In this manner, the aggregation and migration of Au nanoparticles is
prevented by the ZIF-8 structure and as a consequence, these combined nanostructure can be used in the aforementioned catalysis applications [187]. Combination
of functional nanomaterials is hence an efficient route to increase the application
field of nanostructures. In section 6.3, the combination of ZIF-8 nanoparticles
with plasmonic Au-Ag nanoparticles is discussed. The growth of ZIF-8 on Au-Ag
nanoparticle is investigated using different surfactants and the resulting morphology is studied by TEM.
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Figure 6.4: A ZIF-8 nanoparticle in cubic morphology with a Au nanorod.

6.2

Introduction to Au / Au-Ag nanoparticles
encapsulated with mesoporous silica

As discussed previously, noble metal nanoparticles such as Au and Ag are extensively used as substrates for SERS applications because of their plasmonic
properties [55, 193–196]. The plasmonic performance largely depends on various factors, such as the composition of the nanoparticles, their size and shape,
the surrounding medium and its aggregation state. Aggregated nanoparticles are
often used to improve plasmonic enhancement through hot spot formation, but
the aggregation process is often uncontrolled and results in poor reproducibility
[197], so the use of nanoparticles with an optimized and uniform morphology is
highly preferred [72, 198]. On the other hand, improving the colloidal stability of
these plasmonic nanoparticles (even for clusters) is typically achieved via encapsulation of the nanoparticle within an oxide (silica, titania) or polymer shell [199].
Moreover, by covering each particle with a (porous) shell, hot spot formation may
consequently be carried out in a more controllable manner. This may have the additional advantage of trapping analyte molecules inside the shell during synthesis,
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improving control over their location around the particle [200]. The drawback in
this case is again that the synthesis must be designed for each specific measurement. A more versatile family of SERS probes can be obtained by the use porous
coatings [201], so that the metal particles remain protected from aggregation while
their surface is still accessible to the analytes. This approach widens the potential
applications of these plasmonic particles, since the porosity of the shell may lead
to a size-selective detection of analytes. Importantly, biocompatible mesoporous
coatings such as silica have been widely proposed for drug delivery applications
[9, 143].
With the aim of improving both the enhancement efficiency, the reliability and
reproducibility of SERS measurements, branched Au nanoparticles coated with
a mesoporous silica shell are synthesized, which are used both as templates for
seeded growth of branches from the Au cores and traps for analyte adsorption.
Such nanoparticles provide unique properties since they consist of different functional nanomaterials and understanding the morphology and growth mechanism
of each component is essential for further engineering. Using 2D and 3D electron
microscopy methods the conformity of the coating, pore size and distribution of
the different components of the mesoporous silica coated plasmonic Au / Au-Ag
is investigated.

6.2.1

Growth of mesoporous silica on Au nanoparticle

In this study, Au nanoparticles with different morphologies of spheres, singlecrystal nanorods, pentatwinned nanorods, and nanotriangles, capped with CTAB
are used as nucleation sites. Representative BF-TEM images of the different
nanoparticles after growth of mesoporous silica shells are displayed in Figure 6.5 ad. From these images, it is clear that the individual Au nanoparticles are covered
by silica. However, from these images we cannot investigate structural aspects
such as the pore distribution and size as well as the interface between the Au and
the silica.
Further characterization of the 3D morphology of silica-coated Au particles is
therefore performed using electron tomography. The core-shell structure of the
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particles can be visualized by 3D HAADF-STEM [202]. However as discussed in
chapter 5 , for samples containing elements with both high and low atomic number
Z, e.g. Au nanoparticles encapsulated by a mesoporous silica shell, artefacts are
expected in the 3D reconstruction [203]. We therefore applied the methodology
explained in the previous chapter. The tilt series for electron tomography in this
section are acquired using a FEI Osiris electron microscope, operated at 120 kV,
since silica is a beam sensitive material.

Visualizations of the 3D reconstruction of the silica-coated Au nanoparticles are
presented in Figure 6.5 e-h. Analysis of the 3D reconstruction confirmed that the
individual Au particles are uniformly covered by silica for each type of nanoparticle
morphology. In all cases, non-aggregated nanoparticles with a homogeneous silica
coverage and shell thickness are obtained (Figure 6.5). These results confirm that
the conformal encapsulation of these structures by mesoporous silica is successful
for different morphologies. Moreover, the 3D reconstructions revealed the radial
orientation of the pores in the silica shell. The pore size, pore diameter and
interpore wall thickness of the silica shell is determined by analyzing 2D slices
through the 3D reconstructions. In total, 200 measurements based on 4 different
reconstructions are performed to obtain statistically relevant results, yielding an
average pore size of 2.1 ± 0.3 nm and an average silica wall thickness of 2.4 ± 0.4
nm. The histograms of the measurements are shown in Figure 6.6. In addition,
EDX mapping revealed that no residual Au is dispersed in the channels of the
mesoporous silica and thereby confirming a perfect separation between the Au
core and the silica shell (see Figure 6.7).

It can be concluded that the silica pores can be used as a molecular sieve where
molecules larger than 2.1 ± 0.3 nm are not able to penetrate towards the Au nanostructure. It is reported that such type of properties are useful for controlled drug
delivery [177–179]. A clear advantage of the accessibility of the Au nanoparticle
through the radial pores is that Au-catalyzed chemical reactions can take place
selectively at the cores.
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Figure 6.5: 2D and 3D TEM characterization of hybrid nanostructures containing
Au nanoparticles with various shapes: nanospheres (a, e), single-crystal nanorods
(b, f), penta-twinned nanorods (c, g), and nanotriangles (d, h). The radial mesopores in the silica shells can be observed in the visualizations of the 3D reconstructions in the bottom row (the Au nanoparticle and the silica shell are displayed in
yellow and white, respectively).

Figure 6.6: Pore size (a) and wall thickness(b) histograms for the mesoporous silica
shells obtained from 200 measurements based on 4 different reconstructions. The
average silica pore size 2.1 ± 0.3 nm and the average silica wall thickness 2.4 ±
0.4 nm.
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Figure 6.7: Qualitative analysis of the core-shell structure via EDX mapping.
Evidence is obtained of the presence of Si, Au and O and in addition perfect separation between Au and silica is observed in complimentary to electron tomography
results.

6.2.2

Overgrowth of Ag through the pores

In this section, the overgrowth of Ag layer over the Au cores through the radial
pores of the silica is aimed. This is of great interest because of the superior
plasmonic performance of Ag. Ag coating is performed by in situ reduction of
Ag+ ions by ascorbic acid, a resulting nanostructure is shown in Figure 6.8 a.
Here, EDX mapping is performed to investigate the presence and location of Ag
after the in situ reduction. The EDX map presented in Figure 6.8 b confirms
the presence of Ag in the nanostructure which suggests a Au/Ag core-shell type
structure. However, in order to confirm this hypothesis, a 3D investigation by
HAADF-STEM needs to be carried out. In Figure 6.8 c, a 3D visualization of
the nanostructure is shown (Au nanorod, Ag coating and mesoporous silica is in
green, blue and red, respectively) from which we can confirm the Au-Ag core-shell
morphology. The overgrowth of Ag+ on Au is further investigated by the use
of high resolution HAADF-STEM imaging to study the interface of Au and Ag.
Perfect epitaxial growth of Ag on the Au nanorod is observed since the d values of
Au and Ag are very close to each other which is clearly shown in Figure 6.8 d, in
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which both the Au core and Ag shell are oriented along the [110] zone axis (the d
values in the literature for [111] planes of Au is 2.355 Å and for Ag is 2.3591 Å).
The corresponding optical changes are shown in Figure 6.8 e and are in agreement
with previous observations using non-silica coated nanorods [204]. A blue shift
of the longitudinal surface plasmon mode is observed for the silica coated Au-Ag
nanorod in comparison to silica coated Au nanorods due to the overgrowth of Ag.

6.2.3

Overgrowth of Au through the pores

Next, it is aimed to grow Au tips from the central Au cores, using the radial
mesopores as templates, which are expected to enhance the SERS performance
through the formation of regions with high electric field enhancement at sharp
features, while localizing analyte molecules at such hot spots. The use of mesoporous silica as a template to grow metal branches from nanoparticles has been
previously demonstrated for Au nanoparticles embedded in mesoporous silica films
[156]. The overgrowth reaction is based on a modification of a synthesis method
for Au nanostars, which involves the reduction of HAuCl4 in the presence of Ag
ions [77]. By using the silica-coated particles as seeds, the radial silica channels
could act as templates, so that thin and short Au wires would branch out from
the surface of the Au cores, regardless of the initial core shape.
In Figure 6.9 a-d , BF-TEM image of the resulting nanostructure after the overgrowth are shown. From these 2D images, it is clear that the overgrowth resulted
in tip formation at the starting Au nanoparticle regardless of the initial core shape
(a:sphere, b:rod,c:pentatwinned, d:nanotriangle). In order to study the pores of
the resulting nanostructures, electron tomography needs to be applied. The way
the Au branches grow their way out of the cores through the silica channels can be
clearly appreciated from 3D visualizations of different structures after tip growth
(Figure 6.9 e-h). The tip width of the branches could be extracted from the 3D
reconstructions and is estimated to be 3.5 nm ±1.0 nm, i.e., slightly larger than the
pore size, probably because the Au branches push their way through the channels
during growth. However, it can also be observed the that pores remained stable
after Au branching.
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Figure 6.8: Single-crystal Au nanorods covered with a mesoporous silica layer
with radial pores, after in situ growth of a Ag layer through the silica pores. (a) a
HAADF-STEM image, (b) EDX map, (c) Visualization of 3D reconstruction, (d)
high resolution HAADF-STEM image showing epitaxial growth of the Ag layer
on the Au core. The crystallinity and the epitaxial relation of the Au core and
the Ag shell can be observed in the high-resolution images and corresponding FT
(acquired from the areas labeled as 1 and 2 in panel d. (e) Extinction spectra of
single crystal Au nanorods coated with mesoporous silica, before and after growing
a Ag layer over the Au cores.
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Figure 6.9: BF-TEM and 3D TEM characterization of hybrid nano structures
containing different Au nanoparticles coated with mesoporous silica, after growing
Au tips through the silica channels: nanospheres (a, e), single-crystal nanorods
(b, f), penta-twinned nanorods (c, g), and nanotriangles (d, h). All the images
in the left panel are obtained at the same magnification. In the right panel, a
visualization of the 3D reconstructions for a representative nanoparticle of each
type is displayed, where the radial nature of both the channels and the Au branches
can be observed.
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Although branching is achieved on various types of nanoparticle cores, a significant difference is noticed between the single crystal nanorods and other morphologies. In the case of spheres, penta-twinned nanorods, and nanotriangles,
branching occurred uniformly from spots on the entire particle surface which can
be observed in Figure 6.9 e, g, h. For single crystal Au nanorods, the branching
mainly occurred at the tips, which can be observed in the visualization of the 3D
reconstruction (Figure 6.9 b). This anomaly is however in accordance with the results shown in Figure 2.9 a, b and a report [205], regarding the growth of tips from
bare (non-coated) single-crystal Au nanorods and is likely related to the presence
of Ag or Ag bromide preferentially on the lateral facets of the nanorods which will
hinder the Au overgrowth of these facets.

Figure 6.10: High resolution HAADF-STEM images after tip growth are acquired
from the sample with (a-c) single crystal nanorod, (d) evolution of the extinction
spectra for the sample with Au spheres stabilized in 0.1 M CTAB, after mesoporous
silica shell growth, and after templated tip growth.
The growth mechanism is also investigated at the atomic scale using high resolution HAADF-STEM (the high resolution images are acquired using a FEI-Titan
microscope operated at 300kV). In Figure 6.10 a-c, a Au nanorod after overgrowth
is presented, which shows that the grown tips have a different crystal orientation in
comparison to the seed Figure 6.10 b and c. In the high resolution image depicted
in Figure 6.10 b, the green arrow depicts the seed nanorod which is oriented in
[100] zone axis. The red arrow displays the grown tip which is clearly not in the
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same zone orientation. Likewise in Figure 6.10 c, the grown tip is clearly in a
different orientation in comparison to Au core. The same result is also observed
for the nanosphere, penta-twinned nanorod and nanotriangle.
From the optical point of view, the growth of silica on bare Au nanospheres
results in slight red shift of the LSPR in comparison to bare Au nanospheres
since the surrounding dielectric has changed (see Figure 6.10 d, plotted in pink for
Au@mSiO2 and in red fore bare Au nanosphere). Moreover, the growth of tips on a
Au nanoparticles has been reported to result in the red shift and broadening of the
corresponding LSPR [77]. This effect is indeed observed here, as exemplary shown
for spheres in Figure 6.10 d. This effect has important consequences regarding
potential applications of these nanoparticles in biological systems, as electromagnetic field enhancement can be achieved by irradiation in the near-infrared, i.e., in
the biological transparency window. Here a question may rise why the overgrowth
of Au resulted in tips and branches while the overgrowth of Ag yielded a Au@Ag
nanorod. In the first case, before the overgrowth of Au, a thermal treatment was
applied on Au-silica structures. This increased the stability of mesoporous silica
therefore they can be used as a template during growth. In the latter case, thermal
treatment for silica was not carried out on Au-silica structures, thus resulting in
partial damage of the mesoporous silica structure, which is likely responsible for
the uniform silver coating.

6.2.4

SERS performance of branched Au nanoparticle

Finally, the SERS performance of branched mesoporous silica-coated Au spheres
in solution is tested. Colloidal dispersions containing a fixed Au concentration
([Au0 ] = 0.25 mM) are employed for SERS detection of two model analytes, which
are specifically chosen not to chemically bind to Au: Crystal Violet and Nile Blue.
It is observed that the detection of concentrations as low as 10−9 M for crystal
violet and 10−8 M for nile blue. Moreover, the superior performance of branched
nanoparticles for SERS detection in water is obtained, where SERS spectra of
crystal violet (10−6 M) in the presence of nanospheres with and without tips are
compared, using in both cases a Au0 concentration of 0.25 mM. Even though (for
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the same concentration of metal) the number of branched nanoparticles per unit
volume is estimated to be ∼6-fold smaller than that of spherical particles, the
signal obtained from the former is 1 order of magnitude more intense than that
from the latter.

6.2.5

Conclusions on silica coated Au / Au-Ag nanostructures

Advanced electron tomography is used to investigate hybrid silica - Au/Au-Ag
nanostructures. The mesopores in the silica shells are used as templates for the
seeded growth of Au tips branching from the surface of the Au cores which is clearly
revealed by electron tomography reconstructions. Furthermore, the method is
successfully implemented for Au nanoparticles with various morphologies, thereby
showing a wide versatility and general application. Next, the overgrowth of Ag and
Au results in layer growth and tip growth, respectively, where electron tomography
revealed the resulting morphology clearly. The radial structure of the pores and
the growth of the tips through them favor the localization of analyte molecules
in close proximity to hot spots, as indicated by SERS measurements. All these
features render these particles a particularly versatile family of SERS probes: easily
tunable, stable in various media, and suitable for biological applications. It should
be noted that that it is only because of the developments in chapter 5 that it is
possible to investigate these hybrid structures.
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6.3

Introduction to MOF coated Au-Ag nanomaterials

As discussed in section 6.1, the combination of multi-functional nanoparticles is
efficient for enhanced physical and chemical properties. Based on International
Union of Pure and Applied Chemistry classification, when the pore size in a material is smaller than 2 nm, such type of materials are classified as microporous:
Zeolites and MOFs are typical examples of such materials. Among them, MOFs
have been widely applied in energy, catalysis and drug-delivery [206, 207]. Rationalization of the chemical and physical properties of the MOFs relies on structural
aspects such as their size and morphology but also on the composition [208, 209].
Typically, the synthesis procedures give rise to bulk MOF powders with relatively
large crystal size, random shape, and poor monodispersity, but control over the
MOF crystal morphology at the nanometer scale is a pre-requisite in certain fields
such as optoelectronics or biomedical applications [210]. Different approaches have
been developed to control the size and morphology of the MOFs, which are mostly
focused on controlling the kinetic growth processes [211]. The main synthetic strategy that has been explored so far to control the MOFs morphology is based on the
coordination modulation method, in which the addition of different additives could
be used to control the crystal growth through influencing the coordination equilibrium [212, 213]. For instance, Tsuruoka et al. added acetic acid as competitor
to modulate the coordination equilibrium of metal ions and organic linkers [214].
The acetate-copper interaction plays a crucial role in determining the reaction rate
and the crystal morphology, where, through oriented attachment the morphology
of the MOFs could be tuned from cubic to rod-shape.
Similarly, Umemura et al. have shown that by controlling the concentration of
modulator, it is possible to obtain an octahedron-cuboctahedron-cube morphological transition [215]. The presence of lauric acid as modulator controls the crystal
growth along the [111] and [100] directions that eventually dictates the final shape.
Alternatively, the presence of surfactant molecules have been also reported to act
as modulators [216]. The role of surfactant as capping agents and its adsorption to
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specific crystal facets could also induce a morphology evolution. Pan et al. demonstrated that the presence of cationic surfactants could change the morphology of
ZIF-8 MOFs from a truncated cube to a rhombic dodecahedron [217]. The different adsorption affinity of the surfactant molecules towards the {100} and {110}
facets has been claimed as the main reason to modulate their relative growth rate.
In this study, the influence of different surfactants such as CTAB and tris
(hydroxymethyl) aminomethane (TRIS) on the growth of ZIF-8 nanostructures is
investigated by electron tomography.

6.3.1

CTAB mediated ZIF-8 growth

The individual encapsulation of Au-Ag nanoparticles within ZIF-8 crystals involves: (i) the synthesis of plasmonic nanoparticles of a desired size, shape, and
composition, which will be stabilized with quaternary ammonium surfactant, (ii)
followed by the nucleation and growth of ZIF-8 crystals on the metal surface here
at the presence of 0.0460 mM CTAB.
Figure 6.11 a displays a BF-TEM image of individual Au-Ag nanoparticles
encapsulated by ZIF-8. Based on the TEM analysis, it is clear that the nanoparticle
is individually encapsulated within ZIF-8 crystals. The characterization of ZIF-8
encapsulated nanoparticles is complemented by X-ray diffraction analysis. Figure
6.11 b shows the experimental X-ray diffraction pattern of dried Au nanorod inside
ZIF-8 nanoparticles, together with simulated patterns for Au and ZIF-8 crystals.
Both patterns, originating from the ordered porous structure of the ZIF-8 shells
(2θ = 5◦ -35◦ ) [190] and that from the Au cores (2θ = 35◦ -50◦ ) are identified. This
confirmed the sodalite zeolite-type crystal structure of the ZIF-8 shells and the
well-defined peaks in the X-ray diffraction pattern indicate a high crystallinity.
SAED is additionally performed on a stand-alone ZIF-8 cube. Since the ZIF-8
morphology changes quickly during electron beam irradiation, the electron dose
is kept to a strict minimum. SAED reveals that ZIF-8 nanoparticles are single
crystalline with a cubic structure. The SAED pattern in Figure 6.11 c, recorded
along the [100] zone axis, is in agreement with the X-ray diffraction results.
Moreover, to reveal the distribution of the chemical components in the hybrid
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Figure 6.11: (a) Overview BF-TEM images of nanoparticles, (b) powder X-ray
diffraction pattern of ZIF-8 coated Au nanorods (red line) and the simulated patterns for ZIF-8 (blue line) and Au (black line). The simulated diffraction peaks
generated using the ordered porous structure of ZIF-8 crystals at 2θ = 5◦ -35◦ and
by Au at 2θ = 35◦ -50◦ are both observed for the Au nanorod@ZIF-8 nanostructure.
All of the prominent peaks for the ZIF-8 shells, including 011, 002, 112, 022, 013,
and 222, correspond to those of pure ZIF-8 crystals, (c) BF-TEM image together
with a SAED from a single crystal ZIF-8 crystal.

particles, EDX mapping is performed, using a Super-X EDX detector which is
implemented on a FEI Osiris microscope operating at an accelerating voltage of
120 kV. Figure 6.12 shows that Au and Ag are located only at the core whereas
Zn is homogeneously distributed in the shell corresponding to ZIF-8 (Figure 6.12
a-d). The EDX analysis furthermore demonstrates a sharp separation between the
Au rod, the Ag shell, and the ZIF-8 matrix, i.e., no intermixing of the elements is
detected at the interfaces.
The 3D morphology of the individual nanoparticles is characterized by advanced electron tomography as explained in chapter 5. Multiple detectors (HA)ADF
are utilized simultaneously during the acquisition of the tilt series of projection
images which are collected over an angular range from -74◦ to 73◦ with a 3◦ tilt
increment. In this manner, heavy and light elements in the same sample are both
visualized. As already mentioned, this technique can be considered as dose efficient, which is of great importance to image electron beam sensitive materials in
3D [203]. Visualizations along different directions of the 3D reconstruction are
105

6.3.1. CTAB mediated ZIF-8 growth

Figure 6.12: (a)-(d) EDX elemental mapping of an Au-Ag@ZIF-8 nanoparticle and
(e) the corresponding ADF-STEM image.
presented in Figure 6.13 a-c. The ZIF-8 shell is depicted in orange, whereas Ag
is imaged in gray and Au in purple. The 3D reconstruction reveals that the plasmonic Au-Ag nanoparticle is entirely encapsulated with ZIF-8. The morphology of
the coating could be ascribed to multiple ZIF-8 nucleations and/or attachment on
the metal nanoparticle surface. Then, further growth of separate nuclei continued
in different directions.

Figure 6.13: (a-c) Visualizations of the 3D reconstruction from different orientations.
The influence of CTAB on ZIF-8 growth is explained by Pan et al. [217]. It is
shown in the paper of Pan that if no surfactant is used, a rhombic dodecahedron
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with 12 {110} facets occurs. When the CTAB ratio in the solution is increased
to 0.0025 wt% truncated rhombic dodecahedron with {100}, {110} and {111}
facets are obtained. Further increment of CTAB to 0.01 % resulted in truncated
cubic morphology with {100} facets. The reason for such difference is based on
the interaction energies of the different facets which is given in Table 6.2. When
no CTAB is present, the growth rate of {100} facets is very fast which results
in rhombic dodecahedron morphology. When CTAB is added to solution, their
interaction with {100} facets is stronger than the other facets. The strong interaction between CTAB molecules with {100} facets hinders the growth in that
direction and leads to first truncated rhombic dodecahedron and finally truncated
cubic morphology. The same phenomena also fits to the observations in this study
where cubic morphology of the ZIF-8 nanoparticles with {100} facets in different
orientation is clearly recognizable (see Figure 6.13).
In Figure 6.14 a and b, orthoslices through the reconstruction of ZIF-8 nanoparticles accompanied with 3D isosurface rendering of Au-Ag nanoparticle is presented. It can be clearly observed (highlighted with arrows) that gaps between the
ZIF-8 cubes are present. Such gaps probably occur due to ZIF-8 cubes which are
grown in different direction and do not fit one to the other. A schematic illustration is presented in Figure 6.14 c. It should be noted that such observations can
only be realized by electron tomography and the methodology explained in chapter
5 to reduce the artifact at the hybrid interfaces in the 3D reconstruction. It can be
Table 6.2: The calculated interaction energies obtained through molecular dynamics simulations at 25 C◦ [217]
surfaces Interaction energies kcal mol−1
{100}

−774.56

{110}

−394.91

{101}

−104.21

concluded that the presence of CTAB as surfactant led to the formation of ZIF-8
nanocrystals with a cubic morphology through the preferential stabilization of the
{100} facets. The dimensions of the cubes vary between 110 - 130 nm.
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Figure 6.14: (a,b) Orthoslices from 3D reconstruction, (c) illustration of growth
of ZIF-8 on Au-Ag nanoparticle.

6.3.2

CTAB/TRIS mediated ZIF-8 growth

In this section, we studied the combined influence of both modulators, CTAB and
TRIS, on the morphology of ZIF-8 particles. Hence, the growth of the ZIF-8 on
Au-Ag nanoparticle is performed in the presence of 0.07 mM CTAB together with
50mM TRIS.
A BF-TEM image from an isolated ZIF-8 nanoparticle without a Au-Ag core
is depicted in Figure 6.15 a. In the presence of TRIS together with CTAB the
particle developed a burr-puzzle morphology. Additionally, SAED is performed
on the ZIF-8 nanocrystal which is shown in Figure 6.15 b. The particle displayed
in Figure 6.15 a is oriented along the [111] direction with respect to the electron
beam. Additional reflections (one of them highlighted with a green arrow) are also
observed, suggesting that the particle is polycrystalline.
Next, electron tomography is performed to study the 3D structure of the hybrid
nanoparticles. The acquisition and reconstruction are performed as explained in
section 6.2.1. Visualizations along different orientations of the 3D reconstructions
are presented in Figure 6.16. The ZIF-8 shell is depicted in orange, whereas Ag
is imaged in gray and Au in purple. In total, 3 different particles are studied and
it can be concluded that all Au-Ag nanorods are entirely encapsulated by a ZIF8 shell. The CTAB/TRIS mediated growth resulted in ZIF-8 spikes which have
various sizes. The thickness of the spikes is measured using slices through the 3D
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reconstruction and is estimated to vary between 25 nm and 60 nm.

Figure 6.15: BF-TEM image of a burr-puzzle crystal and its corresponding diffraction pattern.

In the presence of capping agents such as CTAB or TRIS with CTAB, particles are obtained with cubic or spiky morphology, respectively. To understand
the affinity of molecules on different facets of ZIF-8, intermolecular interactions
between ZIF-8, TRIS and CTAB is calculated using MOPAC2012 [218]. Selected
minimized representative conformations and interaction energies are shown in Figure 6.17. The obtained negative values clearly indicate the existence of stabilizing
interactions between ZIF-8 and TRIS for different geometries and relative orientations. Although the interaction energies are similar, they indicate that adsorption
on {111} facets is slightly preferred for TRIS molecules. Hence, it can be concluded, the adsorption of CTAB and TRIS on ZIF-8 takes place preferentially on
{100} and {111} facets, respectively. This probably results in a growth direction of mainly in {111} facets, which yields the morphology in Figure 6.16. For
deciphering the nanostructures for certain applications, controlling the nanoparticle morphology is of great importance, this study showed the influence of different surfactants to direct the growth of ZIF-7 nanoparticles on plasmonic Au-Ag
nanoparticles.
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Figure 6.16: Visualization of 3D reconstructions from ZIF-8 nanoparticle encapsulating Au-Ag nanoparticle from different orientations.

Figure 6.17: Minimized intermolecular interactions between the {100} and {111}
facets of ZIF-8 and a unit of TRIS or CTAB [8] are presented. A unit model
of ZIF-8 containing 708 atoms was defined and a large number of geometrical
optimizations for different orientations between ZIF-8 and a monomer of surfactant
CTAB and TRIS were performed. The unit for interaction energies is kcal mol −1 .
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6.3.3

Conclusions

In summary, a 3D analysis is performed on ZIF-8 nanocrystals which are grown on
Au-Ag nanoparticles using different surfactants. It is observed that the use of different surfactants results in a different ZIF-8 growth and a preferential adsorption
to certain facets. While CTAB molecules adsorb preferentially to {100} facets,
leading to the growth of ZIF-8 with a cubic morphology, TRIS molecules stabilize
preferentially onto the {111} facets and give rise to nanocrystals with spiky morphology. Optimized electron tomography enabled us to study the complex particle
structure in 3D, which can be used for the optimization of the synthesis methods
for ZIF-8 nanocrystals with a better shape control. This is of great importance in
a number of applications such as catalysis, gas sensing and storage.
During the characterization of hybrid nanoparticles made of plasmonic and
porous nanoparticles such as ZIF-8 and mesoporous silica, an important limitation
is the degradation of nanostructures during the electron tomography experiment.
To reduce the degradation, one needs to reduce the electron dose for the experiment. In the next chapter, a methodology which can be used to reduce electron
dose during an electron tomography experiment is presented.

111

6.3.3. Conclusions

112

Chapter 7
Artifact Reduction Based on
Sinogram Interpolation for the 3D
Reconstruction of Nanoparticles
This chapter is based on:
K. Sentosun, I. Lobato, E. Bladt, Y. Zhang, W.J. Palenstijn, K.J. Batenburg, D.
Van Dyck, S. Bals, Artifact Reduction Based on Sinogram Interpolation for the 3D
Reconstruction of Nanoparticles Using Electron Tomography, Particle & Particle
Systems Characterization, 34(12), (2017), DOI: 10.1002/ppsc.201700287
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7.1

Introduction

In the previous chapter, characterization of electron beam sensitive mesoporous
silica and ZIF-8 nanoparticles is discussed, such materials require novel approaches
to reduce the beam necessary for electron tomography reconstruction. A possible
way to do this is to reduce the number of projections. This chapter is devoted to a
novel methodology where high quality reconstructions can be obtained even using
an even smaller number of projections in comparison to conventional routes.

Typically, a tilt series of projection images is acquired over a tilt range of
±70◦ -80◦ with a tilt increment of 2◦ . Unfortunately, for beam sensitive materials
such as ZIF-8, it is far from straightforward to acquire projection data every 2◦
since the electron beam may induce changes in the morphology or even sample
damage during the acquisition. To avoid this, the number of projection images
is often reduced during the experiment, leading to degradation of the reconstruction quality. Over the last decade, different reconstruction techniques have been
developed that yield superior results for such limited tilt series [34, 42, 44, 153].
These reconstruction techniques typically try to exploit prior knowledge about the
reconstructed object. The discrete algebraic reconstruction technique uses prior
knowledge about the gray levels during the reconstruction whereas compressive
sensing based reconstruction techniques exploit the sparsity of the object in a
given basis [34, 44, 153]. However, these methods are not always applicable, due
to the lack of prior knowledge. An alternative method to improve the reconstruction quality is by increasing the sampling rate through sinogram interpolation
[219–223]. For X-ray computed tomography, sinogram interpolation methods were
already successfully applied to minimize streak and ring artifacts [220]. In this
chapter, we will start by showing the benefits of sinogram interpolation for electron tomography using phantom objects and then this method will be applied for
different experimental TEM datasets.
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7.2
7.2.1

Methodology
Radon space and sinogram

In order to simplify the description of the methodology, we consider a two dimensional object represented by the function f (x, y) which is shown in Figure 7.1 a.
Then its Radon transform p(t, θ) is given by [224];
Z ∞Z ∞
p(t, θ) =
f (x, y)δ(t − xcosθ − ysinθ)dxdy
−∞

(7.1)

−∞

Where t and θ are the distance and the projection angle of the center of rotation,
respectively. For a single point source f (x, y) = δ(x − x∗ , y − y ∗ ), the Radon
transform is given by;
p(t, θ) = δ(t − xcos∗ θ − ysin∗ θ)dxdy

(7.2)

The Radon transform of an object is often referred to as a sinogram because the
transform of an off-center point source in real space corresponds to a sine wave in
Radon space. Indeed, when a point object in real space (x, y) is tilted around an
axis, a sine wave (θ, t) is generated in the sinogram (see Figure 7.1 b). Since an
object consists of many point objects, the Radon transform of an object consists
of overlapping sine waves with different amplitudes and phases. By acquiring a
higher number of projection images, a higher sampling of the sinogram is achieved.
If the object is imaged along all projections, then the inverse Radon transform
yields the original object. In experiments, we can only take a limited number of
projection images (i.e. sparse sinogram Figure 7.1 c) which yields a reduction of
the reconstruction quality of the object [150].
A reconstruction of an object can be obtained by filtering each sinogram column
with a ramp filter to correct for uneven sampling of the spatial frequencies [20, 225],
and then backprojecting it along the projection angles. To overcome the problem
of limited number of projections, we present a sinogram interpolation method.
The methodology of our approach is schematically illustrated in Figure 7.2. The
method is composed of three main stages: (i) preselection of the sine waves based
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Figure 7.1: (a) 2D object of which a point source corresponds to a sine wave in
Radon space (b). In case less projections are available, the sine wave will be sparse
(c).
on a threshold, (ii) interpolation and/or extrapolation of a sparse sine wave, (iii)
normalization and then reconstruction.
In order to illustrate the main steps of the flowchart diagram, we will use a
phantom object consisting of a homogenous sphere embedded in a homogeneous
support (Figure 7.3 a). We assume projection data for a tilt range between ±90◦
with a tilt interval of 1◦ . A slice through the 3D object, taken orthogonal to the
tilt axis, is shown in Figure 7.3 b. The main steps of the flow chart diagram will
be explained in the following sections in more detail.

7.2.2

Preselection of single sine waves

From Equation 7.2, it can be understood that every pixel in the reconstructed
slice corresponds to a particular sine wave in the sinogram. Figure 7.3 c shows the
calculated sinogram for the slice in Figure 7.3 b under the experimental conditions
mentioned above.
The first step of our method consists of creating an empty matrix with a size
equal to the size of the 2D projection images from the tilt series. Next, for each
pixel in a slice, sine waves are calculated using Equation 7.2 hereby using the
experimental projection angles (θ). A representative sine wave is presented in
Figure 7.3 d. This sine wave was calculated for the red voxel in Figure 7.3 a
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Figure 7.2: Flowchart of the sine wave preselection and interpolation procedure.
The sine waves that are part of a recorded object are first identified based on a
predefined threshold. Next, interpolation of the missing sinogram columns and the
intensity values is carried out. After summing up all the interpolated sine waves
and normalization, the resulting sinogram is used as input for the tomographic
reconstruction algorithm. The sinogram interpolation procedure is applied slice
by slice on a 3D datacube.
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and corresponding pixel in Figure 7.3 b. Next, we determine if the sine wave
corresponds to a pixel that is possibly part of the object, or if the pixel certainly
belongs to the background. The calculated sine wave is therefore superimposed on
the experimental sinogram (see Figure 7.3 e) and for every angle θ, the intensity
value of the sinogram at the position of the calculated sine wave is plotted (Figure
7.3 f).
As an example, two sine waves (depicted in purple and green) are presented in
Figure 7.3 e. From Figure 7.3 f, it can be seen that the intensity values extracted
based on the purple sine wave are relatively high for all values of θ, whereas the
values corresponding to the green sine wave are only significantly different from
zero for a given range of θ. From Figure 7.3 f, we then conclude that the purple
sine wave possibly corresponds to a pixel of the object whereas the green sine wave
corresponds to a pixel that certainly belongs to the background. This procedure
is repeated for each pixel (x, y) in each slice of the reconstruction.
In general, we assume that pixels may belong to the object if the corresponding sine wave yields intensities above a certain threshold throughout the entire
sinogram. This threshold is chosen to be slightly above the intensity value of the
homogeneous support. In practice, one can estimate this intensity from a projection image acquired at 0◦ . The choice of the threshold may be somewhat arbitrary
and may give rise to the wrong selection of some points just outside of the contour.
However, the relative fraction of those pixels is small in comparison to the total
number of internal pixels.

7.2.3

Interpolation of a sparse sine wave

Once a sine wave is considered as a part of the object and the intensity values
of the sine wave in each experimental projection is obtained, the next step is to
calculate the trajectory of the sine wave for the intermediate (unsampled) angles
and to interpolate the intensity of the sine wave through the experimental points.
This is performed by applying Equation 7.2 for the same point source, but with
a finer tilt interval. Once the sine wave trajectory is determined, we estimate the
intensity value of the sine waves by using a one-dimensional cubic interpolation
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Figure 7.3: (a) A reconstruction volume with a highlighted reconstruction slice.
(b) A reconstruction slice of the object to be reconstructed, (c) the corresponding
(recorded) sinogram from the object, (d) a single sine wave from a point source
(xi ,yi ), (e) the overlay image of the sine waves with the sinogram, (f) the intensities
of the sinogram along the two sine curves depicted in c.

119

7.2.4. Reduction of missing wedge artifacts
method. In principle, the interpolation of the intensity can be performed for every
calculated sine wave. However, we prefer to apply intensity interpolation only for
the sine waves, which were classified as originating from the investigated object.
In this manner, interference of the sine waves from different sources is reduced.
Next, the total intensity (corresponding to the sum of all sine waves) for a specific
coordinate is divided by the number of sine waves passing through that coordinate.
In Figure 7.4a, we assume that projection images of the object in Figure 7.3 b are
acquired over a tilt range of ± 90◦ , but now with a tilt interval between successive
projections of 30◦ . Therefore, the sinogram is only based on 7 projections. The
WBP reconstruction from the sparse sinogram is presented in Figure 7.4 b and it
can be seen that the quality of this reconstruction is poor with the obvious presence
of streak artifacts. To minimize such artifacts, we apply the methodology explained
above. We first calculate the trajectories of the sine waves for all pixels in every
reconstruction slice with a tilt range of ± 90◦ and an increment of 30◦ . An example
of a preselected and interpolated of a single sine wave is presented in Figure 7.4
c and d, respectively. The final interpolated sinogram is presented in Figure 7.4
e and the corresponding reconstruction is shown in Figure 7.4 f. We hereby used
the classical WBP scheme to judge the improvement of the reconstruction. Every
artificially generated column in a sinogram actually represents a projection in real
space. Increasing the number of projections by means of sinogram interpolation
decreases the artifacts present in the reconstruction. It can be seen that streak
artifacts in the reconstruction (Figure 7.4 f) are greatly reduced in comparison to
Figure 7.4 b.

7.2.4

Reduction of missing wedge artifacts

Typically, a tilt series in an electron tomography experiment covers a range of approximately ±70◦ -80◦ . Projections outside of this range are difficult to be recorded
due to the shadowing from the single tilt holder or the TEM grid. This results
in missing information in a sinogram and as a consequence, streaks artifacts or
an elongation of the object are present in the final reconstruction. Here, we extrapolate the missing wedge intensity of the sine wave by exploiting the known
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Figure 7.4: (a) A sparse sinogram obtained for a tilt series with a tilt range of
±90◦ and tilt increment of ±30◦ , (b) the reconstruction from the sparse sinogram,
(c) individual sine wave selected from the sparse sine wave, (d) the sine wave in c
after interpolation, (e) the interpolated sinogram, and (f) the reconstruction from
the interpolated sinogram.
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7.2.4. Reduction of missing wedge artifacts
symmetry properties of the sinogram which is based on the fact that a projection
from top to bottom is the mirror image of the bottom to top image [226]. In Figure 7.5 a, the sinogram based on projections obtained from the object in Figure
7.3b over a range of ±90◦ is shown. The gray rectangles in this image indicate the
information that will be lost when only a range of ±75◦ is covered. The sinogram
for this range is also illustrated in Figure 7.5 b.
To estimate the intensity values of the sine waves, a slightly different procedure
is used in comparison to the methodology explained above. First, the sinogram
is divided into two parts at 0◦ (indicated by a line in Figure 7.5 b). Next, the
angular order is reversed in both parts, as illustrated in Figure 7.5 c. To overcome
the mismatch, which is now present in the middle of the modified sinogram, one
part of the sinogram (in this case part 2) is flipped with respect to the x-axis (see
Figure 7.5 d) yielding a sinusoid with a different trajectory. The intensity values
can now be extrapolated based on the intensities in the first and last acquired
projection, corresponding to the projection at -75◦ and a mirrored projection of
+75◦ . Next, a 1D interpolation was again employed to estimate the intensities in
the missing wedge (see Figure 7.5 e). Next, the modification on the sinogram is
reversed as illustrated in Figure 7.5 f, which shows good agreement with Figure
7.5 a (full tilt range). The reconstruction based on WBP using the sinograms
from Figure 7.5 b and Figure 7.5 f are shown in Figure 7.5 g and Figure 7.5 h,
respectively. To evaluate the results quantitatively, we calculated the elongation
of the object before and after interpolation. The reconstructions in Figure 7.5 g, h
are segmented by applying a threshold to obtain binary images. Here, the binary
images are referred to as segmented images and the phantom in Figure 7.3 b is
referred to as our reference.
The elongation is quantified along the vertical and the horizontal direction
(Figure 7.5 g, h). After segmenting the reconstructions the length of the object
is measured in both directions. The elongation is then calculated by dividing the
length of the segmented object by the length of the reference object. In the horizontal direction, no elongation is observed for both reconstructions. However, in
the vertical direction, an elongation of 10% is observed for the reconstruction pre122
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sented in Figure 7.5 g. After the interpolation procedure (Figure 7.5 h) this number
decreases to 3%. It is clear that the streak artifacts and the slight elongation of
the object are reduced after the interpolation procedure.

Figure 7.5: (a) The sinogram from an object with projections from ±90◦ , (b) the
same sinogram with missing information, (c) the sinogram with reordered angles,
(d) the sinogram with the missing wedge information relocated, (e) after interpolation of the missing information and (f) reversed back sinogram, the reconstructions
(g) with missing wedge and (h) after interpolation.

7.3
7.3.1

Experimental Results
Qualitative and quantitative comparison

In Figure 7.6 a, a HAADF-STEM image of a Au triangle is presented. A tilt
series of similar images was recorded over an angular tilt range of ±76◦ with a
tilt increment of 1◦ . In the remainder, this tilt series is referred to as the “full
tilt series”. By removing some projections from the tilt series, sparser tilt series
are generated with an increasing tilt interval of 5, 10, 15, 20 and 30◦ . Next,
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7.3.1. Qualitative and quantitative comparison
the sinogram interpolation method is applied and reconstructed using WBP as
illustrated in Figure 7.6. The visualization of WBP reconstruction from full tilt
series is presented in Figure 7.6 b and in Figure 7.6 c a reconstruction based on
a sparse tilt series with a tilt increment of 30◦ is presented. The corresponding
result after sinogram interpolation is presented in Figure 7.6 d. To evaluate the
goodness of the reconstruction, we calculate the ratio (r) of the misclassified voxels
as follows:
r=

thr
thr
|V olrec
− V olref
|
∗ 100
thr
sum(V olref )

(7.3)

V olref here refers to the segmented volume of the full tilt series and V olrec
stands for the segmented volume from sparse or interpolated tilt series. The volume of the segmented object, sum(V olref ), is equal to the summation of the voxels
in V olref and corresponds to the denominator in Equation 7.3. A threshold for
segmentation of the volumes was determined from the reconstruction with a tilt
increment of 1◦ . Figure 7.6 e shows the misclassified voxels, calculated for reconstructions with increasing tilt increment and clearly indicate a significant error,
which can be largely avoided through the method we propose here. Even though
our interpolation method is able to compensate for missing data, the dataset used
as an input for WBP is still incomplete. We therefore expect that iterative algorithms such as SIRT may still improve the quality of the reconstruction. As a
consequence of the sinogram interpolation, new projections are in fact artificially
generated. These images can also be used as an input for a SIRT. The 3D visualization of the SIRT reconstruction from the full tilt series is presented in Figure
7.7 a. Visualizations of 3D SIRT reconstructions from the sparse tilt series and
the tilt series after interpolation are shown in Figure 7.7 b and c, respectively. It
is clear that the SIRT reconstruction from the sparse tilt series suffers from severe
artifacts at the facets of the nanotriangle. The results based on the tilt series after
interpolation (Figure 7.7 c) clearly shows an improved quality in comparison to
Figure 7.7 b and the morphology of the nanoparticle is in good agreement with the
SIRT reconstruction from the full tilt series. Furthermore, the quality of the SIRT
reconstruction is improved in comparison to the WBP reconstruction using the
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Figure 7.6: (a) HAADF-STEM image from a Au nanotriangle, (b) the reconstruction using full tilt series with a projection every 1◦ , (c) the reconstruction using
sparse tilt series with a projection every 30◦ , (d) the visualization from the 3D
reconstruction of an interpolated tilt series obtained from the tilt series with a
projection every 30◦ , (e) comparison of misclassified voxels between interpolated
tilt series and sparse tilt series for different tilt interval.
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7.3.1. Qualitative and quantitative comparison
same interpolated dataset (Figure 7.6 d). To evaluate the reconstructions quantitatively, the number of misclassified voxels was calculated for reconstructions with
different tilt interval (Figure 7.7 d). The error equals 10% for a reconstruction
based on a series with tilt increment of 15◦ and increases up to 18% in case of a
tilt increment of 30◦ . However, the percentage of misclassified voxels for the reconstructions using the interpolated tilt series never exceeds 6%. The misclassified
voxels in the reconstruction based on only 6 projections are presented in Figure 7.7
e whereas Figure 7.7 f shows the misclassified voxels for the reconstruction using
the interpolated tilt series. For both reconstructions, a slight overestimation of the
volume is observed, albeit limited for Figure 7.7 f.

Figure 7.7: (a) The visualization from the 3D reconstruction using full tilt series,
(b) using sparse tilt series with a projection every 30◦ , (c) and from the interpolated
tilt series based on the sparse series, (d) the plot for the misclassified voxels as a
function of increasing tilt interval. The misclassified voxels comparison between
reconstruction from the sparse tilt series (e) and the interpolated tilt series (f).
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7.3.2

NaYF4 Hexagonal plates

To illustrate the potential of our approach for investigation of beam sensitive samples, NaYF4 hexagonal platelets were studied. These nanoparticles can act as
efficient luminescent hosts in applications such as biological diagnosis and solar
cells [227, 228]. In order to optimize and tune their properties, a complete 3D
characterization of their morphology is required. Figure 7.8 a shows a HAADFSTEM image of a NaYF4 nanoparticle with a size of approximately 30 nm and a
thickness of approximately 20 nm. First, a conventional HAADF-STEM tomography experiment was envisioned and a tilt series was acquired from -72◦ to 72◦
with 2◦ intervals and an acceleration voltage of 200 kV. However, when comparing
a HAADF-STEM projection acquired at the same tilt angle before (Figure 7.8 a)
and after acquisition of the entire tilt series (Figure 7.8 b), sample degradation due
to the electron beam is observed. The beam damage mainly induces holes in the
3D structure and the morphology also changes. Therefore, the tilt series cannot
be used as an input for 3D reconstruction. Next, a tilt series of only 7 projection
images was acquired from another nanoparticle (-74◦ to 70◦ with a tilt increment
of 24◦ ) and used as an input for sinogram interpolation. The interpolated tilt
series was reconstructed using a WBP and a SIRT reconstruction algorithm. An
isosurface rendering of the 3D reconstruction is presented in the Figure 7.8 c and
d, clearly showing the hexagonal shape of the nanoparticle.

7.4

Discussion

Although the proposed sinogram interpolation method does not explicitly incorporate prior knowledge about the object, the method incorporates such prior knowledge in an implicit way, through the assumptions that are used for the interpolation procedure. The first key assumption is that image pixels for which the
corresponding sine wave falls below the minimal threshold for some data points
in the measured sinogram, do not belong to the object. This assumption may
be violated when imaging thin structures, which have only a small contribution
to the sinogram intensity. A second key assumption used in our approach is to
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Figure 7.8: (a) HAADF-STEM image from a NaYF4 before the electron tomography experiment and (b) after the electron tomography experiment, (c) the visualization of the reconstruction using only 7 projections in combination with sinogram
interpolation, (d) the visualization of the reconstruction using SIRT algorithm in
combination with sinogram interpolation.
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consider the sinogram as smooth and continuous, such that interpolation of the
measured data points provides a suitable estimate of the intermediate points. This
assumption is valid for structures that vary slowly from one projection to the next
(i.e. have limited angular dependence), while structures for which the projections
varies wildly from one angle to the next will be less suitable. Finally, we consider
here particle structures that can be observed in isolation from possible other, surrounding particles. This property is important to enable effective selection of the
sinogram waves that contribute to the particle under investigation.
In general, we can say that for individual convex particles with a diameter that
is substantially larger than the pixel size, all key assumptions will often be well
satisfied. As evidenced by our experimental results, the proposed method can lead
to a strong improvement in image quality for such particles.

7.5

Conclusions

In this study, we propose an approach to increase the reconstruction quality of
sparse sampled tilt series by means of sinogram interpolation. The applicability
of the method was demonstrated using a tilt series of a Au nanotriangle. Conventional reconstructions based on tilt series with different sparsity were compared
with reconstructions after the interpolation procedure. Both a qualitative and
a quantitative comparison show that the method we propose here results in a
significant improvement of the reconstruction. The interpolation method was furthermore applied to a NaYF4 nanoparticle where electron beam damage prevents
the acquisition of a tilt series with a relatively small tilt increment. A tilt series
of only 7 projection images was acquired and used as an input for the proposed
interpolation method and a SIRT reconstruction. In this manner, we could determine the morphology of the sample. We conclude that our methodology is of
great interest to reconstruct individual convex particles with a diameter that is
substantially larger than the pixel size of the projection images.
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8.1

Conclusions and Outlook

In this thesis, I demonstrated the importance of electron tomography when investigating nanomaterials. My focus was on the 3D characterization of plasmonic
nanoparticles, porous materials and the combination of both classes. Conventional
electron tomography was applied to investigate the 3D structure of Au nanoparticles with applications in the field in biomedical applications (chapter 2). The outcome of these experiments enabled us to investigate the connection between the 3D
structure and the properties of these nanostructures. In chapter 3, I investigated
CuTe nanoparticles. These materials again have interesting optical properties, but
so far the influence of vacancies was not yet understood. One of the main reasons
is that information on the positions of the Cu vacancies is lacking. We therefore proposed a stepwise approach to visualize vacancies in CuTe nanoparticles.
This is very challenging since in some areas of the particles, a superstructure was
found. Since this was a very local effect, we could only reveal the presence by high
resolution electron tomography. By combining the outcome of our experiments
with DFT calculations, we could demonstrate that there is indeed an influence of
the vacancies on the optical properties. The exact mechanisms however are not
yet fully understood and I envisage that further investigations in this field are
required. Very often it is necessary to extract quantitative information from 3D
reconstructions. This is for example the case in chapter 4, where porous Pt dendrites were investigated. There is a clear need to determine porosity in a reliable
manner at a local scale in 3D. This is not straightforward and one of the challenges
is to separate chemically active pores from inactive pores (cavities). By tackling
this problem, we were able to provide quantitative measurements that could be
linked to the synthesis parameters. In this manner, the synthesis can be performed
in an optimized manner. However, more progress is still required. For example,
using conventional electron tomography it is far from straightforward to obtain 3D
information that can be considered as an averaged or statistically relevant result.
This is a major drawback when trying to connect the properties of the nanoparticles to their 3D structure. Fast electron tomography techniques will therefore
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be of importance in the future. One of the main challenges in this thesis was the
investigation of hybrid systems consisting of a Au nanoparticles encapsulated by
a porous compound. 3D reconstructions of these systems show clear artifacts that
hamper a quantitative investigation of the shell and the hybrid core-shell interface.
I therefore proposed an innovative approach that exploits the flexibility of modern
TEM instruments. By using different ADF detectors simultaneously, I was able
to optimize the acquisition conditions. Moreover, I proposed a novel approach for
the reconstruction based on inpainting technique. It is only by these developments
that we were able to investigate Au encapsulated by SiO2 , and were able to quantify the pore diameter. We also investigated the effect of the surfactant during the
growth of ZIF-8 on Au@Ag plasmonic nanoparticles. All of these studies are of
clear importance since these materials have important applications in the field of
catalysis, gas sensing and storage. Being able to investigate the structure in 3D
is required to further incorporate these materials in nanotechnology. I envisage
that the approach that I proposed can be further optimized by the use of pixelated detectors. Since every pixel can be read out separately, this will enable us
to select specific angular ranges without any restrictions after the acquisition. In
the final chapter, I developed a new reconstruction approach that is applicable to
beam sensitive materials. The technique is based on sinogram interpolation and
is currently applicable to convex particles. However, I feel that the technique can
also be adapted to investigate non convex systems by applying eigenvector-guided
interpolation.
In conclusion, I have demonstrated the great use of electron tomography in the
investigation of nanomaterials. Moreover, I have developed several new approaches
to improve different aspects of the technique: I developed a new approach for
high resolution tomography and I contributed to quantitative electron tomography
enabling porosity measurements. To investigate hybrid systems, I optimized both
the acquisition and the reconstruction. Finally, I proposed a new approach to
investigate sensitive materials in 3D.
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