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Summary 

 

 Atomic clusters, nanoparticles and their assemblies have attracted enormous attention 

from the scientific community during the last years, thanks to their unique properties and 

numerous applications in a plethora of scientific fields. It has been proven experimentally that 

the structure of such nanomaterials is inseparably connected to their characteristic properties. 

Therefore, in order to deeply understand the structure-to-property relationship, a detailed 

structural characterization by Transmission Electron Microscopy (TEM) is of utmost 

importance. However, one should never forget that TEM images correspond to 2D 

projections of a 3D object and very often such images cannot be used for a detailed structural 

and morphological characterization. In order to obtain more reliable information, a 3D 

characterization should be performed by the use of electron tomography. Since the turn of the 

century, the technique has been used to investigate the 3D structure of materials at the 

nanometer scale and below. In this thesis, different electron microscopy techniques in 

combination with tomography were used to characterize different nanostructures such as, 

silver atomic clusters confined in zeolites, monometallic, core-shell and asymmetric 

nanoparticles as well as assemblies of spherical and non-spherical nanoparticles.  

In Chapter 1 an introduction to nanomaterials and specifically atomic clusters, 

nanoparticles and their assemblies is given. The different synthesis approaches, properties 

and applications are presented together with an overview of the most common 

characterization techniques.  

In Chapter 2 an introduction on TEM and the different imaging modes is presented. 

Furthermore, the different aspects of electron tomography in materials science together with 

the most recent advances are discussed. 

In Chapter 3 the results of the structural characterization of sub-nanometer Ag clusters 

confined in two different zeolites are presented. Since small metal structures tend to 

aggregate into larger nanoparticles, their peculiar physicochemical properties are lost. In 

order to overcome this limitation and stabilize these structures, confinement scaffolds are 

usually used. In our case two different zeolites were used as scaffolds, named FAU-X and 

FAU-Y. However, since both the clusters as well as their scaffolds are very sensitive under 

the electron beam irradiation and the observation time is limited to a few seconds, 3D 

characterization by electron tomography was not straightforward. Instead, a combination of 
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X-ray Diffraction (XRD) analysis with aberration-corrected High Angle Annular Dark Field 

Scanning Transmission Electron Microscopy (HAADF-STEM) was used. 

In Chapter 4 electron tomography was employed to characterize twin defects which 

are present at the tips of Au nanostructures of different shapes. In materials science, electron 

tomography is almost exclusively performed in HAADF-STEM mode, in order to avoid the 

presence of diffraction contrast in the acquired series. However, in this case the information 

for the presence of defects is also lost. In this chapter we show that by using so-called Middle 

Angle Annular Dark Field STEM (MAADF-STEM), information about the shape of the 

particle and the presence of defects can be obtained simultaneously. In addition, it will be 

demonstrated that 3D reconstructions at the atomic scale can also be used in order to 

investigate atomic scale defects. Furthermore, the latter results were used in order to 

investigate the strain field around a twin defect. 

In Chapter 5, electron tomography was used to investigate the chemical composition 

of hetero-nanostructures in 3D. Recently, there is an increasing tendency for the synthesis of 

nanoparticles where several materials are combined in the same entity, due to the improved 

properties and functionalities they present. For nanosystems containing elements with a large 

difference in atomic number Z, HAADF-STEM is a suitable technique to acquire the tilt 

series. This approach was therefore used to investigate Au @ Ag nanostructures. However, 

for materials with small difference in atomic number Z, HAADF-STEM tomography only 

yields information concerning the sample morphology. Here, Fe-Co hybrid systems were 

investigated and tomography was combined with HAADF-STEM and Energy Dispersive X-

ray Spectroscopy (EDX). To investigate the 3D elemental distribution, EDX tomography was 

required. 

In Chapter 6 the results of the characterization of 2D and 3D assemblies of spherical 

nanoparticles are presented. For the 2D assemblies, the building blocks were PbSe and CdSe 

nanoparticles whereas in the 3D assemblies Au nanoparticles were used. An optimized 

experimental approach was proposed to investigate relatively large 3D assemblies. By 

optimizing both the acquisition and reconstruction processes, a quantitative structure 

determination was possible.  Furthermore, for the case of the 3D assemblies, the experimental 

results obtained from the tomographic analysis were compared with theoretical simulations in 

order to obtain a better insight concerning the physical processes behind the cluster formation 

mechanism. 
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Finally, in Chapter 7 preliminary results of the characterization of binary assemblies 

and assemblies made of non-spherical particles are presented, together with planning for 

future work. 
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Samenvatting 

 

 Gedurende de laatste jaren hebben clusters van atomen, nanodeeltjes en hun 

assemblages steeds meer interesse gewekt bij de wetenschappelijke wereld, omwille van hun 

specifieke eigenschappen en veelvoud aan toepassingen in verschillende wetenschappelijke 

domeinen. Het is experimenteel bewezen dat de morfologie van deze nanostructuren sterk 

gekoppeld is aan hun karakteristieke eigenschappen. Daarom is een gedetailleerde 

karakterisering van de morfologie aan de hand van transmissie-elektronenmicroscopie (TEM) 

van uitermate belang om zo de relatie tussen de morfologie en de eigenschappen te begrijpen. 

Echter, TEM beelden zijn twee dimensionale (2D) projecties van een drie dimensionaal (3D) 

object en deze beelden kunnen vaak niet gebruikt worden voor een gedetailleerde 

karakterisering van de morfologie. Om betrouwbaardere informatie te verkrijgen, kan een 3D 

karakterisering uitgevoerd worden door middel van elektronentomografie. Sinds het begin 

van de eeuw werd deze techniek gebruikt om de 3D morfologie van materialen te bestuderen 

tot op nanometerschaal. In dit proefschrift werden verschillende beeldvormingstechnieken in 

een TEM gebruikt voor elektronentomografie om verschillende nanostructuren te 

karakteriseren, zoals clusters van zilver atomen omsloten in zeolieten, monometallische, 

kern-schil en asymmetrische nanodeeltjes en assemblages van sferische en non- sferische 

nanodeeltjes. 

 Hoofdstuk 1 begint met een introductie over nanomaterialen en atomaire clusters, 

nanodeeltjes en hun assemblages. De verschillende procedures voor de synthese, hun 

eigenschappen en toepassingen worden weergegeven, samen met een overzicht van de meest 

gebruikte karakteriseringstechnieken. 

Hoofdstuk 2 geeft een inleiding over TEM en de verschillende 

beeldvormingstechnieken. Bovendien, worden de verschillende aspecten van 

elektronentomografie in de materiaalkunde en hun meest recente ontwikkelingen besproken. 

In Hoofdstuk 3 worden de resultaten van de karakterisering van de morfologie van 

sub-nanometer Ag clusters ingebed in twee verschillende zeolieten weergegeven. Aangezien 

kleine metallische structuren de neiging hebben om te aggregeren tot grotere nanodeeltjes, 

gaan hun bijzondere fysisch-chemische eigenschappen verloren. Om deze aggregatie te 

voorkomen, worden de structuren meestal gestabiliseerd door het gebruik van een mal. Hier  

werden twee verschillende zeolieten, FAU-X en FAU-Y, als mal toegepast. Aangezien zowel 

de clusters als de mal zeer gevoelig zijn voor de elektronenbundel zijn en dit de observatietijd 



Samenvatting 

 

5 
 

beperkt tot enkele seconden, wordt de 3D karakterisering door elektronentomografie 

bemoeilijkt. Om deze reden wordt een combinatie van X-stralen diffractie (XRD) analyse 

met aberratie-gecorrigeerde High Angle Annular Dark Field Scanning transmissie-

elektronenmicroscopy (HAADF-STEM) gebruikt. 

In Hoofdstuk 4 word elektronentomografie toegepast om tweelingvlakken aanwezig 

in de uiteinden van Au nanostructuren met verschillende vormen te karakteriseren. In 

materiaalkunde wordt elektronentomografie bijna uitsluitend gebruikt in combinatie met de 

HAADF-STEM techniek om diffractie contrast te voorkomen in de verschillende 2D beelden. 

Door deze techniek te gebruiken gaat de informatie over de aanwezigheid van defecten echter 

ook verloren. We tonen in dit hoofdstuk aan dat door gebruik te maken van zogenaamde 

Middle Angle Annular Dark Field STEM (MAADF-STEM), zowel informatie over de vorm 

van het nanodeeltje als de aanwezigheid van defecten tegelijkertijd worden verkregen. 

Daarnaast zal ook aangetoond worden dat 3D reconstructies op atomaire schaal gebruikt 

kunnen worden om defecten op deze schaal te onderzoeken. Bovendien werden deze laatste 

resultaten gebruikt om het spanningsveld rond de defecten te onderzoeken.  

Hoofdstuk 5 behandelt het gebruik van elektronentomografie om de chemische 

samenstelling van hetero-nanostructuren in 3D te onderzoeken. Er is een recente toenemende 

interesse in de synthese van nanodeeltjes waarbij verschillende materialen worden 

gecombineerd in een heterostructuur, waardoor de bekomen eigenschappen en 

functionaliteiten van het deeltje worden verbeterd. Voor nanosystemen die elementen 

bevatten met een groot verschil in atoomnummer Z, is HAADF-STEM een geschikte 

techniek om de tomografie tilt serie op te nemen. Deze techniek werd daarom gebruikt om 

Au @ Ag nanostructuren te onderzoeken. Echter, voor materialen met een klein verschil in 

atoomnummer Z, zal HAADF-STEM tomografie enkel informatie over de morfologie 

opleveren. Fe-Co hybride systemen worden onderzocht waarbij HAADF-STEM tomografie 

wordt gecombineerd met Energie Dispersieve X-stralen Spectoscopie (EDX). Om de 

verdeling van de verschillende chemische elementen in 3D te bestuderen, is EDX tomografie 

vereist. 

In Hoofdstuk 6 worden de resultaten van de karakterisering van 2D en 3D 

assemblages van sferische nanodeeltjes weergegeven. Voor de 2D assemblages, worden 

bouwstenen van PbSe en CdSe nanodeeltjes gebruikt; in de 3D assemblages worden Au 

nanodeeltjes opgebouwd. Een geoptimaliseerd experiment wordt voorgesteld om relatief 

grote 3D assemblages te onderzoeken. Een kwantitatieve karakterisering van de morfologie 

wordt haalbaar door de optimalisatie van zowel de beeldopname als het reconstructie proces.  
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De experimentele resultaten van de 3D assemblages, verkregen door middel van de 

tomografische analyse, werden bovendien vergeleken met theoretische simulaties om een 

beter inzicht te krijgen omtrent de fysische processen die instaan voor het clustervorming 

mechanisme. 

Tenslotte worden in Hoofdstuk 7 de voorlopige resultaten van de karakterisering van 

binaire assemblages en assemblages van niet-sferische nanodeeltjes getoond, samen met de 

planning van mijn toekomstig werk. 
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1.1    Nanomaterials, atomic clusters and nanoparticles 

1.1.1 Introduction 

 

Nanomaterials have gained increasing interest over the last few decades. The word 

‘nanomaterial’ is typically used to describe a material in which at least one of the three 

dimensions is ranging from 1 to about 100 nm. According to this definition, nano-objects can 

be classified into three main groups: 2D nano-objects, (e.g. thin films), 1D nanostructures 

(e.g. nanowires, nanorods and nanotubes) and 0D nano-objects, such as nanoparticles. 

Among all of these materials, nanoparticles are of specific interest due to their unique 

properties that differ from the properties of the bulk materials. The first term in the word 

‘nanoparticle’ is derived from the Greek word νάνος (nanos) which means dwarf. In Figure 

1.1, a length scale is presented in which the size of the nanoparticles is compared to the size 

of viruses, bacteria and the diameter of a human hair. 

 

 

Figure 1.1: Length scale defining the size range of the nanoparticles. 

 

In general, the physical properties of materials are strongly related to the amount of 

atoms in the material. Particles consisting of a relatively small number of atoms and yielding 

only one or very few stable geometric structures are defined as atomic clusters. Their size is 

comparable to the Fermi wavelength of an electron and they can therefore be considered as a 

bridge between atoms and nanoparticles. A main difference between a nanoparticle and a 

cluster is that in the latter case, the physical properties vary greatly with every addition or 

subtraction of an atom. 

 

 

 

 



Materials 

9 
 

1.1.2 Atomic clusters 

 

Oligo-atomic metal clusters possess unique properties which are different from those 

found in metallic nanoparticles and bulk material. Thanks to their electronic configuration 

and discrete energy levels, atomic metal clusters exhibit peculiar electronic properties such as 

enhanced photoluminescence
1,2

 and high catalytic activity.
3,4

 Furthermore, in cases of atomic 

clusters with a size below 2 nm, quantum confinement effects are produced and the bulk 

physical properties, such as metallicity are modified.
5
 Since these small structures can 

unravel the missing link between atomic and nanoparticle metal behaviour, great attention 

has been recently given on their in-depth investigation. However, their direct experimental 

analysis is not always straightforward, since metal clusters tend to aggregate and rapidly form 

larger metal nanoparticles.
6
 An alternative which is frequently used in order to overcome this 

limitation is the stabilization of metal clusters by different hosts. For example, organic 

molecules
7
 or DNA

8
 have been extensively used, but also template based inorganic scaffolds, 

such as glasses
9
 and zeolites

10,11
 are very often exploited. 

It is well known that the unique properties of metal clusters are inseparably connected 

to their size, charge, shape and interaction with their environment. For example, it was 

recently found that Au clusters of 10 atoms show a lot higher catalytic activity compared to 

larger Au nanoparticles which showed lower or even no catalytic activity.
12

 Many studies 

have also focused on sub-nanometer sized Cu and Ag clusters. Photoluminescence was 

observed in Cu clusters with less than 10 atoms, whereas for larger nanostructures no 

emission could be detected.
13

 A close relationship between the luminescence properties and 

the cluster size was reported in heat-treated
11

 and photon activated
10

 Ag clusters confined in 

zeolitic matrices. Here, we investigated oligo-atomic Ag clusters, which were confined in the 

framework of zeolites by X-ray Diffraction (XRD) analysis and Transmission Electron 

Microscopy (TEM). The results are presented in Chapter 3. 

 

1.1.3 Synthesis, properties, applications and characterization of nanoparticles 

Synthesis 

 

There is a wide variety of synthesis approaches for the fabrication of nanoparticles, 

which can be divided into three groups: a) Grinding methods, including either wet or dry 

grinding or reactive grinding
14,15

 b) Gas phase methods, such as for example chemical vapour 
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deposition (CVD), laser ablation deposition (LAD), sputtering techniques
16,17

 and c) Liquid-

phase synthesis methods, including sol-gel processes and micro-emulsion methods.
17,18,19

 As 

illustrated in Figure 1.2, one can make a distinction between top-down and bottom-up 

approaches. The first approach corresponds to etching a bulk material into nanosized 

structures or particles, whereas the second one refers to building up of a material from 

smaller building blocks, which might be atom by atom. 

 

Figure 1.2: Illustration of the top-down and bottom-up approach. 

 

In cases where grinding processes are employed, agglomeration and contamination by 

material abraded from the grinding body must be expected and very small particles, with 

sizes lower than 50 nm, are usually only obtained to a very limited degree. During gas phase 

methods, crystalline nanoparticles with largely uncovered surfaces are typically obtained. 

However, due to the high temperatures used during the synthesis, such approaches may result 

in the formation of aggregates that are difficult to be separated into individual particles. On 

the other hand, during liquid-phase methods, both particle size and agglomeration behaviour 

can be controlled effectively. The reactive surfaces can be saturated with functionalized 

organic molecules, acting as stabilizers immediately after nucleation.
20

 Mostly, these 

stabilizers are long-chain alkyl compounds, tensides or even polymers.
21,22

 With the addition 

of such stabilizers, manipulation of the shape of the nanoparticles is possible, permitting a 

wide variety ranging from simple spheres through lenticular and rod-shaped forms to 

nanoparticle tetrahedra, octahedra, cubes or even stellate shapes.
19,23,24,25,26,27,28

 

By using different starting material, a wide variety of different types of nanoparticles 

can be obtained, such as polymeric, photonic, metallic, semiconducting, or magnetic 

nanoparticles. For example, by using Fe or Co, particles with magnetic properties can be 

obtained, whereas by using Au or Ag, metallic nanoparticles can be obtained with plasmonic 
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or catalytic properties. Also the final shape of the nanoparticles can be tuned by modifying 

the synthesis process. 

Another factor which strongly influences the properties of the nanoparticles, is their 

crystal structure (crystal phase). For example, Jiang et al.
29

 showed that amorphous TiO2 has 

the highest ability to generate reactive oxygen species (ROS), followed by anatase and 

anatase/rutile mixtures, and finally by rutile samples. Furthermore, Basahel et al.
30

 showed 

that monoclinic ZrO2 nanoparticles have a higher photocatalytic activity in comparison to 

tetragonal and cubic nanoparticles. 

Currently, there is an increasing interest concerning the synthesis of complex 

nanoparticles that combine several materials in the same structure. The co-existence of 

different materials in the same nano-object can increase its functionalities and even more 

interestingly, opens the way to the discovery of new properties stemming from an interaction 

between the different materials. The three main different classes of such multicomponent 

nanoparticles are alloys,
31,32

 core-shell nanoparticles,
33,34

 and asymmetric 

heterostructures.
35,36

 Examples of such structures are presented in Figure 1.3. 

 

 

Figure 1.3: Scanning transmission electron microscopy images of a) a Au nanorod, b) a 

core-shell Au @ Ag nanorod, c) an asymmetric Fe-Co heterostructure, where Fe cubes are 

present at the tips of a Co rod and d) a nanocage of Au-Ag alloy. 

 

Properties 

 

As discussed previously, the size and shape of nanoparticles very often determine 

their unique physical and chemical properties, which may differ from their bulk properties. In 

other words, the properties change when the size of the material approaches the nanoscale. 

For smaller nanoparticles, the ratio of atoms located on the outer surface in comparison to the 

total number of atoms increases drastically. In Figure 1.4 this trend is presented for the case 
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of spherical nanoparticles. In this example, a surface layer is defined as being up to three 

atomic layers thick (~1nm), depending upon the material. 

 

 

Figure 1.4: Calculated surface to bulk ratios for solid metal particles versus size.
37

 

 

Different examples of physical properties that are different for nanoparticles and bulk 

materials are: colour, melting points, optical absorption, etc. For instance, although the colour 

of Au in its bulk form is yellow, solutions containing Au nanoparticles with different sizes 

yield different colours as shown in Figure 1.5. Furthermore, Au nanoparticles of a few nm 

melt at much lower temperatures (~300 - 400 
o
C) compared to the bulk material which melts 

at 1064 
o
C. Metallic and semiconducting nanoparticles very often possess unexpected optical 

properties, since they are small enough to confine their electrons and produce quantum 

effects. In addition to all these properties, other important applications arise due to quantum 

confinement in semiconductor particles, surface plasmon resonance in some metallic 

nanoparticles such as Au and Ag and superparamagnetism in magnetic nanoparticles.  
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Figure 1.5: Solutions of gold nanoparticles of various sizes. The size difference causes the 

difference in colours. (Figure from Wikimedia Commons). 

 

Applications 

 

Thanks to their numerous properties and different morphologies and shapes, 

nanoparticles have applications in many scientific fields including medicine, environmental 

science and electronics. More specifically, concerning the field of medicine, there are many 

recent examples where different types of nanoparticles were used to achieve accurate 

controlled drug release
38,39,40 

or even to diagnose different diseases. For instance,  researchers 

were able to detect the cancer biomarker prostate-specific antigen down to 10
-18 

g ml
-1

 (4x10
-

20
 M), by using Ag-coated Au nanostars.

41
 It was furthermore demonstrated that CeO 

nanoparticles act as an antioxidant to remove oxygen free radicals that are present in a 

patient’s bloodsteam following a traumatic injury.
42

 

In environmental science, there are many examples on the use of nanoparticles. For 

example, photocatalytic CuWO nanoparticles have been used to break down oil into 

biodegradable compounds; Au nanoparticles embedded in a porous MnO are used as room 
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temperature catalysts to breakdown volatile organic pollutants in air and FeO nanoparticles 

are used in order to clean As from water wells. Finally, in the field of electronics applications 

include the use of Au nanoparticles combined with organic molecules for the fabrication of 

transistors known as NOMFETs (Nanoparticle Organic Memory Field-Effect Transistors).
43

 

 

Characterization of nanoparticles 

 

As discussed in the previous paragraph, the properties of the nanoparticles are closely 

related to their shape and structure. In order to understand this relation, a thorough structural 

characterization is mandatory. For this purpose, a broad variety of techniques can be used, 

including Transmission Electron Microscopy (TEM), Powder X-ray Diffraction (PXRD) and 

Scanning Electron Microscopy (SEM). In this thesis, TEM is used to obtain information in 

both 2D and 3D.
44,45,46

 The technique will be extensively presented in Chapter 2. 

 

1.2    Assemblies of Nanoparticles 

1.2.1 Introduction 

 

Since nanoparticles can be considered as small units that can interact with each other 

and their environment, they can form so called “assemblies”.
47,48,49,50

 Such assemblies are 

emerging highly promising structures, which aim at making use of the collective properties of 

the nanoparticles. For spontaneous organization, the process is called self-assembly. Self-

assembly is a bottom-up process in which components assemble themselves spontaneously 

via an interaction to form a larger functional unit. This spontaneous organization can be due 

to direct specific interaction or indirectly through their environment. An illustration of the 

self-assembly process for the case of Au nanoparticles in the presence of Tetrahydrofuran 

(THF) and water is presented in Figure 1.6. 
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Figure 1.6: Illustration of the self-assembly process of Au nanoparticles in the presence of 

THF and water. 

 

Colloidal particles mostly produce superlattices following the stacking of close-

packed spheres, but nanometer sized particles can be arranged in a wide variety of 

patterns,
51,52  

whose formation can be attributed to their small sizes, unique shapes and the 

variable interparticle interactions. It is remarkable that nanoscale particles resemble self-

assembly components found in biology, such as globular proteins,
53

 or viruses and bacteria 

which appear with rod-like or icosahedral shapes.  

Assemblies of nanoparticles can be either 2D or 3D and they have gained increasing 

interest because of their multiple applications
54,55,56,57

 and improved properties, compared to 

those of their individual building blocks. In the next paragraph, a brief introduction on the 

different synthesis approaches is given, together with the most common applications. 

 

1.2.2 Synthesis, applications and characterization of nanoparticle assemblies 

Synthesis and applications 

 

 Although many synthesis approaches have been reported in literature for the 

generation of nanoparticle assemblies, three are the main methods: a) linker-assisted 

synthesis, where a molecule is introduced between the nanoparticles and will remain in the 

final material; b) template-assisted method, where the molecules will force the organization 

of the nanoparticles and will be taken away at the end of the synthesis; and c) deposition of 

2D assemblies, where the interaction with the surface helps the organization of the 

nanoparticle assembly.
58
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When using the linker assisted method, the distance between the nanoparticles can be 

controlled by the length of the molecules. The linkers are always anchored on the surface of 

the nanoparticles. However, there are many possibilities for the linkers of two separate 

nanoparticles to interact with one another. The linkers can interact by means of 

intermolecular interactions, such as hydrogen bonding or dipole-dipole interactions, or can 

also be covalently linked to one another. If ligands can easily regulate the distance between 

nanoparticles many or even most of the networks obtained with molecular spacers are not 

showing any long-range organization, but only short-range ordering.
59,60

 The use of a 

template can enable the formation of long-range order. With template-assisted procedures, an 

almost perfect control of the nanoparticle-nanoparticle distances and of the nanoparticle size 

is obtained. 

The principle of layer-by-layer deposition lies in the alternate adsorption of 

complementary species. Layer-by-layer deposition is a simple and versatile approach to 

prepare multi-layered assemblies of nanoparticles under controlling capillary and 

gravitational forces. Furthermore, such a deposition enables one to control the deposition 

density and the thickness of the films. 

 Due to their peculiar and improved properties compared to those of their building 

blocks, assemblies of nanoparticles have multiple applications in a wide range of scientific 

fields, such as in plasmonics,
61

 signal enhancement,
61,62,63

 sensoric,
64,65

 catalysis,
66,67,68

 data 

storage,
69,70

 water treatment
71

 and others. In Figure 1.7, the various synthesis approaches of 

nanoparticle assemblies, as well as their applications are presented. 
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Figure 1.7: Overview of the various synthesis approaches (left) and applications (right) of 

nanoparticle assemblies. (Figure from Neouze et al.).
58

 

 

Characterization of assemblies 

 

Similar to the case of nanoparticles which were presented previously in this chapter, 

the properties of nano-assemblies are also closely related to their shape and structure. In order 

to understand this relation, a thorough structural characterization is mandatory. For this 

purpose, a broad variety of techniques can be used, including Transmission Electron 

Microscopy (TEM), Small Angle X-ray Scattering (SAXS)
72

 and Scanning Electron 

Microscopy (SEM). A major part of this thesis is focused on the structural and morphological 

characterization of assemblies consisting of different nanoparticles by TEM.
73,55,52,54,74

 The 

results will be presented extensively in Chapters 6 and 7. 
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2.1    Introduction to TEM 

2.1.1 A brief history of TEM 

 

From ancient times, one has attempted to “see” things far smaller than could be 

perceived by the naked eye. The first attempts to magnify items were performed by holding 

curved glasses with non-uniform thickness, later named lenses, over different objects. It was 

in the late 16
th

 century that a tool was developed in which such lenses were combined. This 

tool was named “microscope”, derived from the ancient greek words μικρός (small) and 

σκοπεῖν (to look). The resolution of this instrument was determined by the wavelength of 

visible light (400-700 nm) and according to Abbe’s law the resolution d is given by the 

equation: 

                                                    𝑑 =
𝜆

2𝑁𝐴
                                                                (2.1) 

with λ being the wavelength of visible light and NA the numerical aperture of the objective 

lens, having a value between 0.95 and 1.5. Therefore in practice, the lowest achievable value 

is approximately 300 nm, which is already 1000 times better compared to that of the human 

eye. 

In 1924 it was discovered that accelerated electrons behave similar to visible light in 

vacuum. The famous equation by Louis de Broglie showed that the wavelength of electrons is 

related to their energy, E, and it is given by the equation: 

                                            𝜆𝑒 =
ℎ

√2𝑚0𝐸(1+
𝐸

2𝑚0𝑐2)
                                                     (2.2) 

where h is Planck’s constant and m0 is the rest mass of an electron. In the absence of 

relativistic effects, this wavelength can be given by the equation: 

                                                    λ=
1.22

𝐸1\2
                                                                (2.3) 

E is the energy in electron volt (eV) and λ is the wavelength in nm. As a consequence, by 

using electrons with energies between 100-300 kV, we can have wavelengths of 

approximately 2-4 pm, which are 100000 times smaller than that of light. In 1931, Ernst 

Ruska built the first transmission electron microscope (TEM), using the same principles as 

those of the optical microscope but the glass lenses were replaced by electromagnetic 

lenses.
75

 The resolution of this microscope was 100 nm, twice as good as that of the optical 

microscope. 
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After the end of World War II, technology of the electron microscope improved very 

fast and improving the resolution was one of the key objectives. In 1956, Menter
76

 showed in 

his work lattice resolution and lattice imperfections with a resolution of approximately 1 nm. 

In the beginning of the 1970s, the first atomic resolution images of heavy atoms such as 

thorium and gold appeared in different publications.
77,78

 Later, when TEM became widely 

available, its resolution improved but was limited to 1-2 Å, because of the aberrations of the 

electromagnetic lenses. The most prominent aberration is the spherical aberration which is 

unavoidable in the case of static rotationally symmetric electromagnetic fields. Since the turn 

of the century, one is able to correct for spherical aberration using so-called aberration 

correctors,
79,80

 in which an additional set of hexapole or octupole lenses are used, enabling 

resolution in the sub-angstrom regime.
81,82 

 

2.1.2 The TEM column 

 

The TEM column, shown in Figure 2.1, consists of an electron gun and a set of 5 or 

more electromagnetic lenses operating under vacuum conditions. The system can be divided 

into three main parts: the illumination system, the objective lens/stage and the imaging 

system. The illumination system consists of the gun and the condenser lenses. First, the 

electrons are generated by the electron source, which can be either a thermionic gun or a field 

emission gun (FEG). The accelerated electrons pass through a set of lenses in the condenser 

system, in order to produce a beam with desired size, intensity and convergence. A condenser 

limiting aperture is used to reduce aberrations. 

Next, the electron beam will interact with the specimen, which is loaded in a 

specimen holder located in the specimen stage. The stage can be considered as a part of the 

objective lens system, since the holder is located in between the two pole pieces of the 

objective lens. The main function of the objective lens is to focus the electrons emerging 

from the exit surface of the specimen into a diffraction pattern (DP) in the back focal plane 

and recombine them in order to form a magnified image in the image plane. Near the 

objective lens, a cold finger is located, which consists of a thin copper rod at liquid nitrogen 

temperatures in order to attract contaminants which may lead to unwanted specimen drift. 

Furthermore, an objective aperture is located in the back focal plane to select different spots 

of the diffraction pattern and to enhance the contrast in the real space image. Additionally, in 

the image plane a selected area diffraction aperture (SAD) is present, which is used to select a 
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specific part of the sample, from which information can be exclusively extracted. For both the 

condenser and the objective lenses, astigmatism may occur when a lens field is not 

symmetrical in strength. Therefore, stigmators are present in order to apply a correcting field 

of the appropriate strength in the proper direction to compensate for the asymmetry. 

Below the illumination and the objective systems, the imaging system is located 

where several lenses, called intermediate and projector lenses, are combined in order to create 

either a magnified image of the sample in real space or in reciprocal space, the diffraction 

pattern. This image can be visualized using either a fluorescent screen, a CCD, a TV camera, 

or a negative, which was very common in the past.
83

 

 

 

Figure 2.1: Overview of the TEM column and its components. 
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2.1.3 Interaction of the electron beam with the specimen 

 

As illustrated in Figure 2.2, when energetic electrons in the microscope interact with 

the sample, a wide variety of signals can be formed. Secondary or backscattered signals have 

a higher probability for relatively thick samples, whereas transmitted electrons only occur in 

case the sample is sufficiently thin. The desired thickness of a TEM sample is a function of 

the electron beam energy and the average atomic number of the elements in the sample. In 

general, samples with thickness less than 100 nm should be used wherever possible. The 

transmitted electrons can be either elastically or inelastically scattered. In addition also 

unscattered electrons, which do not interact with the specimen will occur and their 

transmission is inversely proportional to the thickness of the sample under study. 

 

 

Figure 2.2: Simplified illustration showing the electron beam-sample interaction and the 

different signals emerging. 

 

Different TEM imaging techniques exist based on elastically scattered electrons, 

depending on the angle of scattering. Electrons scattered at low angles are used for 

conventional TEM, High Resolution TEM (HRTEM) imaging and Electron Diffraction (ED), 

whereas in the so-called High Angle Annular Dark Field Scanning Transmission Electron 

Microscopy (HAADF-STEM) imaging, electrons are scattered to higher angles (θ > 50 mrad 
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off axis) corresponding to Rutherford and thermal diffuse scattering (TDS). However, as 

discussed above, also inelastic scattering occurs, yielding different types of signals such as X-

rays, Auger or secondary electrons, plasmons, phonons and cathodoluminescence,
83

 which 

can be exploited by different techniques in the microscope, such as Energy Dispersive X-ray 

(EDX) spectroscopy and Electron Energy Loss Spectroscopy (EELS) which will be further 

discussed in section 2.1.4. 

 

2.1.4 Imaging modes 

 

As previously discussed, the different signals emerging after the interaction of the 

electron beam with the specimen give raise to different TEM techniques. In this part, a short 

description of these techniques is presented together with an overview of the information we 

can obtain in this manner. 

 

Bright Field TEM imaging 

 

In Bright Field TEM imaging, the lenses of the condenser system are adjusted such 

that the specimen is illuminated by a parallel beam of electrons. In this operation mode, the 

elastically scattered electrons contribute to the image formation and there are two main 

contrast mechanisms. For amorphous or non-crystalline materials, mass-thickness contrast is 

dominant. For crystalline samples also so-called diffraction contrast, caused by electrons that 

scatter according to the Bragg conditions, is observed. A straightforward manner to enhance 

the contrast in TEM imaging is the insertion of an objective aperture. Since this aperture is 

located in the back focal plane of the objective lens, different reflections of the DP can be 

selected. By selecting the undiffracted beam, a BF-TEM image with increased contrast is 

obtained, Figure 2.3a, whereas a Dark Field image (DF-TEM), Figure 2.3.b, is obtained by 

selecting diffracted beam(s). 



Transmission Electron Microscopy 

 

25 
 

 

Figure 2.3: Electron ray diagrams for BF and DF-TEM imaging. (Figure adapted from 

Paderborn University website). 

 

High Angle Annular Dark Field Scanning Transmission Electron Microscopy (HAADF-

STEM) 

 

In this mode, the lenses of the illumination system focus the electron beam into a fine 

probe, which is scanned across the sample using deflection coils. The image formation 

mechanism is different compared to TEM. Briefly, the signal is generated at the position of 

the beam and for every pixel, the number of electrons scattered to the annular detector is 

detected. One of the main advantages of the technique is that the image quality is only 

affected by the aberrations of the probe. 

As discussed above, different detectors can be used each yielding different types of 

information from the sample. The most widely used detector is the Annular Dark Field 

(ADF) detector, for which the collection angle range can be modified by changing the camera 

length. When using a high camera length, more coherent electrons are collected (10 mrad < θ 

< 50 mrad) and the resulting images are influenced by diffraction contrast. By using a low 

camera length, electrons scattered to high angles are collected (θ > 50 mrad). Since the 
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scattering in this case is Rutherford-like, the intensity of the formed images is proportional to 

Z
n
 (1.6 < n < 2) of the elements under investigation and the thickness of the sample, Figure 

2.5b.
84,85

 As a result, the high resolution HAADF-STEM images are more straightforward to 

interpret in comparison to HRTEM images for which mostly image simulations are needed. 

Often, also a BF-STEM detector is available which is a disc shaped detector located in the 

central part of the annular detector and collects the central beam and coherent electrons which 

are scattered at low angles. An illustration of the STEM system including the detectors is 

presented in Figure 2.4. 

 

 

Figure 2.4: Setup of STEM imaging. A focused electron beam is scanned over the specimen 

and the detectors located below the specimen collect electrons which have been scattered at 

different angles, giving different information from the sample under investigation. 

 

Incoherent Bright Field Scanning Transmission Electron Microscopy (IBF-STEM) 

 

       The BF detector in STEM collects the complement of the ADF signal, which is a 

combination of the incoming beam and coherent electrons scattered at low angles by the 

sample. It has been proven experimentally that by increasing the inner semi-collection angle 

of the annular detector, such as that its radius is at least five times larger than that of the 

probe’s semi-convergence angle, the collection range increases also for the BF-STEM 
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detector, in such a manner that incoherent electrons can be collected also by the BF 

detector.
86,87

 Consequently, coherence artefacts can be suppressed and the signal can be used 

for imaging, especially for the case where thick samples are investigated. This imaging mode, 

illustrated in Figure 2.5c, is referred to as “Incoherent BF-STEM” (IBF-STEM). However, 

since the incoming beam still reaches the detector, the signal is noisier compared to the 

HAADF-STEM signal and usually corrections are needed, especially in cases that the signal 

is used for electron tomography. We will use this approach to investigate large Au 

nanoparticle assemblies and the results are given in Chapter 6. 

 

 

Figure 2.5: a) TEM, b) HAADF-STEM and c) IBF-STEM images of an assembly of Au 

nanoparticles. 

 

Energy Dispersive X-ray Spectroscopy (EDX) 

 

Atoms in a sample contain ground state electrons which are present in discrete energy 

shells bounded to the nucleus. When the incident electron beam interacts with the sample, 

electrons from the inner shells can be excited and ejected from these shells, creating an 

electron hole at their former position. Next, an electron from a higher energy shell can 

occupy the hole and the difference in energy between the high and the low energy shell can 

be released as an X-ray. The number of the emitted X-rays and their energy can be measured 

by an energy dispersive spectrometer. Since the energy of the X-rays is characteristic for the 

energy difference between the two shells, which is dependent on the element from which they 

are emitted, an elemental analysis of the specimen can be performed. An illustration of the 

interaction together with an example of an extracted spectrum is presented in Figure 2.6. The 

technique is not regarded as ideal for the detection of light elements (Z<8), but recently, after 
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the development of new systems for X-ray detection, where four windowless detectors are 

combined, the detection sensitivity has been strongly improved.
88

 

 

 

Figure 2.6: a) X-ray generation mechanism in the electron microscope, b) example of an 

EDX spectrum. 

 

By combining the technique with STEM imaging, detailed 2D chemical mapping can 

be obtained. Elemental maps for Au and Ag present in a core-shell nanoparticle are presented 

in Figure 2.7. 

 

 

Figure 2.7: a) HAADF-STEM image of a Au @ Ag core-shell particle, b and c) EDX 

elemental maps for Au and Ag respectively, using EDX and d) combined EDX map. 
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Electron Energy Loss Spectroscopy (EELS) 

 

Another spectroscopic technique in the electron microscope is so-called Electron 

Energy Loss Spectroscopy (EELS), a technique which is often considered as being 

complementary to EDX. The technique is based on inelastically scattered electrons from the 

sample under investigation and elemental composition, atomic bond state as well as valency 

can be determined by analysing the energy using a spectrometer, which is located after the 

sample. An advantage over EDX is that all elements can be detected, even those with a low 

atomic number (Z<8) which cannot be reliably detected by EDX. Since electrons with a 

specific energy loss can be selected by a slit of the spectrometer, mapping of the elemental 

distribution can be performed in both TEM and STEM mode, which is referred to as Energy 

Filtered TEM (EFTEM) and STEM-EELS respectively. An example of elemental maps using 

STEM-EELS for Fe and Co from an asymmetric heterostructure is given in Figure 2.8. 

 

 

Figure 2.8: a) HAADF-STEM image and STEM-EELS maps of an Fe-Co heterostructure b) 

EELS spectrum obtained from the acquisition. 
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2.2    Introduction to electron tomography 

2.2.1 The history of electron tomography 

 

The high demand in different scientific fields of obtaining higher dimensionality 

results from lower dimensionality data was the driving force behind tomography. The word 

originates from the ancient greek words τομή (section) and γράφω (write) and it can explain 

the first use of the word which corresponds to a slice and view method. Even though the first 

practical tomography results were obtained in the field of astronomy by Bracewell in 1956, it 

was the Austrian mathematician Johann Radon who first outlined the mathematical principles 

behind the technique in his paper in 1917.
89,90,91

 Later, in 1963,
92

 a paper was published by 

Cormack in which the possible applications of the technique in medicine were presented and 

which lead to the development of the X-ray computerized tomography scanner (CAT 

scanner) by  Hounsfield in 1972 and a joint Nobel prize in 1979 for the two scientists.
93

 The 

outstanding innovation of CAT-scan opened the way for the development of other medical 

analysis techniques such as positron emission computed tomography (ECT), ultrasound CT 

and NMR imaging.
94 

In 1968, the first attempts of combining tomography with electron microscopy were 

published in three independent papers. In the first paper by de Rosier and Klug,
95

 the 

structure of a biological macromolecule was determined from a reconstruction obtained from 

a single projection image, by using its helical symmetry. In a second paper by Hoppe,
96

 it was 

suggested that in cases where a sufficient number of projections can be acquired, a 

reconstruction should be possible also for asymmetrical systems. In a third paper by Hart,
97

 a 

method of improving contrast in BF images using an ‘average’ image was demonstrated, 

known as a polytropic montage, calculated from a tilt series of electron microscopy images. 

Even though the basic theoretical aspects of electron tomography were presented in these 

three papers, it took more than a decade before any experimental results became available in 

biological science. This delay was due to a number of limitations such as beam damage, 

limited tilt range using the existing sample holders and lack of computer power processing 

and storage. 

Starting from the 1970s, electron tomography very quickly became an important tool 

for the morphological characterization of biological samples in 3D. In materials science, there 

were additional problems to overcome related to the violation of the projection requirement. 

The projection requirement states that the intensity in the projected images should be a 
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monotonic function of a certain property of the sample under investigation. As discussed 

previously in paragraph 2.1.4, for studies where BF-TEM imaging is applied to amorphous 

samples, the contrast is dominated by electrons absorbed as a function of the thickness of the 

sample. Consequently, the intensity in the projected images is related to the thickness of the 

sample. On the other hand, when crystalline samples are investigated with BF-TEM, 

diffraction contrast becomes dominant, meaning that there is no longer a monotonic relation 

between the intensity in the projected images and the thickness of the sample. Therefore, 

during 3D studies of crystalline samples, numerous imaging modes, other than BF-TEM, 

have been proposed for the acquisition of tomography series. A few of these techniques will 

be discussed below. 

 

2.2.2 Imaging techniques in electron tomography 

 

HAADF-STEM imaging 

 

The first paper in which HAADF-STEM was combined with electron tomography 

was published by Midgley and Weyland in 2003. The authors used the approach in order to 

investigate a catalytic system composed of Pd6Ru6 particles within a mesoporous silica 

support and a sample with magneto-tactic bacteria.
91 

Since then, HAADF-STEM is mostly 

used during electron tomography experiments of crystalline samples.
98,99,100,101,82

 Since the 

intensity in the projections is proportional to Z
n
 (1.6 < n < 2), not only structural, but also 

chemical information can be obtained.
84

 

 

IBF-STEM imaging 

 

HAADF-STEM can be successfully used in electron tomography experiments where 

thin nanostructures are investigated, but the technique is no longer optimal when thicker 

samples (>100 nm), or samples where high Z number elements are investigated, such as 

Au.
102,73

 In such cases, because of an increase of multiple scattering and backscattering 

events, a relatively smaller amount of the incoming electron beam is scattered towards the 

detector and as a result, the intensity in the HAADF-STEM projections images no longer 

scales linearly with the thickness of the sample. When these projections are used as an input 

for a tomographic reconstruction, an underestimation of the intensity can be observed in the 

central part of the reconstructed volume, an effect which is known as ‘cupping artefact’ and 
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as result, both qualitative and quantitative interpretations of the results are no longer 

straightforward.
73,103

 A solution to overcome this problem is the use of IBF-STEM. Since the 

recorded signal in this mode is still incoherent, it scales with the atomic number Z of the 

elements present in the sample and the thickness of the sample.
102

 This technique has been 

successfully used for electron tomography of thick samples in the past
102,104,105

 and it will be 

extensively presented in paragraph 6.3.2, since it was a part of a new experimental approach 

which was used here for the reconstruction of large three dimensional nanoparticle 

assemblies.
73

 

 

EFTEM and STEM-EELS mapping 

 

EFTEM and EELS can be used for the generation of elemental maps and since the 

projection requirement is also fulfilled, under the condition that the observed sample has a 

thickness usually below 100 nm, the maps can be used as an input for a tomographic 

reconstruction.
106

 There are numerous studies where EFTEM
91,107,106,108 

and EELS
109,110,111 

have been used to obtain 3D reconstructions of different structures. Recently, electron 

tomography was combined with monochromated STEM-EELS in order to map the valency of 

the Ce ions in CeO2-x nanocrystals in three dimensions.
112

 The same approach was used in 

order to image in 3D the distribution of the localized surface plasmon resonance (LSPR) 

modes for an Ag nanocube.
113

 

 

EDX mapping 

 

As previously discussed, 2D elemental maps can also be obtained when EDX is 

combined with STEM and consequently, such maps acquired along different tilt angles could 

be potentially used as an input for tomographic reconstruction, since there is also a 

monotonic increase of the signal with thickness.
106,114

 Until recently, the main limitation for 

EDX tomography was the detector-sample geometry, since a significant signal could only be 

acquired for a narrow tilt range. There are numerous reports in literature in which dedicated 

tomography holders were employed and rod shaped samples were prepared with the purpose 

to avoid detector shadowing and increase the signal at higher tilt angles.
111,115 

However, the 

preparation of such rod shaped samples can be time consuming or even impossible for 

specific cases (nanoparticles, nanotubes, powders etc.). Very recently, a novel detector 

geometry became available which was already briefly discussed in paragraph 2.1.4, in which 



Transmission Electron Microscopy 

 

33 
 

4 EDX detectors are symmetrically arranged around the sample.  In this manner, shadowing 

effects are reduced 
88

 enabling the efficient acquisition of EDX tomography series.
116,117

 

Here, the technique was used during the characterization of Fe-Co heterostructures (Chapter 

5).
36

  

2.3    The main steps of an electron tomography experiment 

2.3.1 Acquisition 

 

The first step of a tomography experiment is the acquisition of a tilt series from a part 

of the sample under investigation. The most popular acquisition geometries are based on a 

single tilt acquisition scheme, a dual tilt axis acquisition scheme and the on-axis acquisition 

scheme. These schemes will be described below. 

 

Single tilt axis acquisition 

 

 As discussed in section 2.1.2, a TEM holder is placed in between the upper and lower 

pole pieces of the objective lens. For tomography, it is important to collect as many images as 

possible (e.g. using a tilt increment of 1
o
 or 2

o
) covering an angular range that is preferably as 

wide as possible, Figure 2.9a. By using a regular TEM holder however, acquisition over a 

wide tilt range is not possible due to the limited space between the two pole pieces of the 

objective lens and shadowing effects because of the thickness of the holder. In such cases, the 

acquisition tilt range is restricted to mostly ±40
o 

and as a result a so-called ‘missing wedge’ 

of information will be present leading to artefacts in the final reconstruction such as fanning 

artefacts and elongation along the direction of the optical axis, Figure 2.10. 
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Figure 2.9: a) Illustration of the tilting process in the electron microscope during a 

tomographic experiment. b) Reconstruction of the original volume is obtained by re-

projecting the experimental tilt series using a mathematical algorithm. 

 

 

Figure 2.10: Example of a simulation for a Shepp-Logan phantom and its reconstruction 

calculated using different intervals, where the effect of the missing wedge is presented. 

 

In order to overcome this limitation, specialized high tilt holders with a narrower tip 

have been developed as illustrated in Figure 2.11b. By using such holders, an angular tilt 

range of ±80
o
 can be achieved. In this manner, the missing information in the projection data 

is reduced and consequently the reliability of the final reconstruction is improved. 
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Figure 2.11: a) Conventional FEI dual tilt tomography holder that can be tilted not more 

than ±40
o
 b) Fischione model 2020 single tilt tomography holder. By using this holder, a tilt 

range of ±80
o
 can be achieved. 

 

Dual tilt axis acquisition 

 

In order to reduce missing wedge artefacts a different acquisition geometry can be 

used.
118,119

 After acquisition of a first tilt series, the sample is rotated over 90
o
 and a second 

series is acquired. By merging both series/reconstructions, the missing wedge is reduced to a 

missing pyramid as shown in Figure 2.12. A limitation of this approach is the fact that beam 

damage may be induced because of the acquisition of multiple series. As a consequence, the 

morphology and the structure of the sample may change which hampers the merging of the 

data. Additionally, due to the lack of commercial software the alignment and reconstruction 

procedures for this technique were far from straightforward and there are only a few studies 

where the technique has been implemented. However, a novel approach was recently 

proposed, in which the alignment and merging of the two series is simultaneously performed, 

leading to improved results.
120
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Figure 2.12: The dual tilt axis geometry it is used to reduce the missing wedge of information 

to a missing pyramid of information as it is illustrative presented above. 

 

On-axis tilt acquisition 

 

Al alternative acquisition scheme for electron tomography is the so-called “on-axis 

tilt” geometry. Hereby, the sample has the shape of a needle and is prepared by FIB milling. 

Prior to milling, a protective Pt layer is deposited on the top in order to prevent damage of the 

sample by the incoming Ga
+
 ions. After the deposition of the protective layer, the region of 

interest is milled using a Ga
+
 ion beam. Next, the needle is placed on a dedicated on-axis 

holder. The technique has been used in many studies
98,121,122

 and the main advantage of this 

approach is the fact that series can be acquired over a full tilt range, resulting in 

reconstruction where missing wedge artefacts are absent, as presented in Figure 2.10. 

 

Automated acquisition software 

 

The acquisition of a tilt series consists of a repeating set of steps: tilting of the 

specimen, repositioning of the sample within the field of view and focusing of the image. In 

order to minimize sample movement during tilting, it is of great importance to correct the 

eucentric height of the sample prior to the start of a tilt series. All steps can be performed 

manually but in this manner the procedure becomes very time consuming, which should be 

avoided when beam sensitive samples are investigated or when high throughput is required. 

Different types of automated acquisition software have therefore been developed.
123,124,125,126 
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2.3.2 Alignment  

 

Although sample movement is reduced as much as possible during the acquisition, an 

additional alignment procedure after the reconstruction is always applied. Hereby, the shifts 

between each projection image are measured and the location and rotation of the tilt axis are 

corrected in order to match the direction of the original tilt axis during the acquisition. In 

materials science, the shifts between consecutive projections are mostly measured from a 

normalized cross correlation image between the two images, as illustrated in Figure 2.13. 

 

 

Figure 2.13: The position of the maximum intensity in the cross correlation image c, obtained 

by the acquired projections at different tilt angles in a and b, shows the relative shift between 

them. Usually, different filters are also used in order to enhance the features in the 

projections, d and e, and get a sharper maximum at the resulting cross correlation image, f. 

 

The cross correlation image corresponds to the inverse Fourier transform of the product of the 

Fourier transform of the first projection and the complex conjugate of the Fourier transform 

of the second image. The position of the maximum intensity peak in the cross correlation 

image corresponds to the relative shift between the two projections. The peak is very often 

blurred, due to the presence of noise and the tilt increment. A convenient way to improve the 

result is the application of band-pass and morphological filters to the original projections. 
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Often, especially for lamellar specimens a stretching factor (1/cosβ) is used. In order to avoid 

arc-shaped artefacts
91

 in the reconstruction, Figure 2.14, a refinement of the direction and the 

position of the tilt axis is performed. 

 

 

Figure 2.14: Illustration of the effect of misalignment of the tilt axis, for the case of an 

assembly of Au nanoparticles embedded in a polymeric matrix. In the middle, the case where 

the tilt axis is properly aligned is presented, whereas at the left and right cases a +20 and a -

20 pixels shift respectively has been introduced and arc-shaped effects are present. 

 

2.3.3 Reconstruction, segmentation and quantification 

 

Once the series is aligned, it can be used as an input for a mathematical algorithm 

yielding the final 3D reconstruction. Before explaining the different existing reconstruction 

algorithms used in electron tomography, a short introduction to the theoretical principles of 

electron tomography is presented.  

 

Principles of electron tomography 

 

Radon Transform 

 

In 1917, Johann Radon outlined the mathematical principles behind the technique in 

89
 by introducing the Radon transform, which is the integral transform of the integral of a 

function over straight lines L. In case of electron tomography, if a function f(x, y) represents 

the density of an object D, then the Radon transform represents the projection data obtained 

from a tomographic series, 

                                                𝑅𝑓 = ∫ 𝑓(𝑥, 𝑦)𝑑𝑠
𝐿

                                                    (2.4) 
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where ds is the unit length of the projection line L. Therefore, the inverse of the Radon 

transform can be used to reconstruct the original density from the projection data. The Radon 

transform converts the data into Radon space (l, θ), with l being the line perpendicular to the 

projection direction and θ the angle of the projection, as shown in Figure 2.15.  

 

 

Figure 2.15: The Radon transform R can be visualized by the integration of the object f(x, y) 

through the projection line L. 

 

The Radon transform is often referred to as a ‘sinogram’ because the Radon transform 

of a Dirac delta function is a distribution supported on the graph of a sine wave, presented at 

the right part of Figure 2.16. 

 

Figure 2.16: Left, a projection image of an assembly of Au nanoparticles acquired by the 

electron microscope. Right, the corresponding sinogram presented, for a tilt range from -90
o
 

to +90
o
. 
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The Fourier slice theorem 

 

The Fourier slice theorem states that a projection at a certain angle corresponds to a 

central section through the Fourier transform of that object. Since in a tomography 

experiment a series of projections at different angles is available, a sampling of Fourier space 

is obtained and consequently, by calculating the inverse Fourier transform, a tomographic 

reconstruction can be obtained. The Fourier slice theorem can be derived by taking the one-

dimensional Fourier transform of a parallel projection and noting that it is equal to a slice of 

the two-dimensional Fourier transform of the original object. Assuming that all the projection 

data is available, it should be then possible to estimate the object by performing a two-

dimensional inverse Fourier transform. The two-dimensional Fourier transform of the object 

function can be defined as 

                                F (u, v) = ∫ ∫ 𝑓(𝑥, 𝑦)𝑒−𝑗2𝜋(𝑢𝑥+𝑣𝑦)𝑑𝑥 𝑑𝑦
+∞

−∞

+∞

−∞
                        (2.5) 

with u = w cosθ and v = w sinθ. In the same manner, a projection at an angle θ can be defined 

as Pθ (l) and its Fourier transform as 

                                                        Sθ (w) = ∫ 𝑃𝜃(𝑙)𝑒−𝑗2𝜋𝑤𝑙𝑑𝑙
+∞

−∞
                                       (2.6) 

The simplest case of the Fourier slice theorem is given for a projection at θ = 0 and 

consequently, the Fourier transform of the object along the line in the frequency domain is 

given by v = 0 and we have 

                                F (u, 0) = ∫ ∫ 𝑓(𝑥, 𝑦)𝑒−𝑗2𝜋𝑢𝑥𝑑𝑥 𝑑𝑦
+∞

−∞

+∞

−∞
                                (2.7) 

but since the phase factor is no longer dependent on y, the integral can be split into two parts 

and be written as 

                                           F (u, 0) = ∫ [ ∫ 𝑓(𝑥, 𝑦)𝑑𝑦 ]𝑒−𝑗2𝜋𝑢𝑥𝑑𝑥
+∞

−∞

+∞

−∞
                              (2.8) 

The term in between brackets corresponds to a projection along lines of constant x or 

                                                          Pθ=0 (x) = ∫ 𝑓(𝑥, 𝑦)𝑑𝑦
+∞

−∞
                                            (2.9) 

By combining equation (2.9) and equation (2.8), we obtain 

                                                   F (u, 0) = ∫ 𝑃𝜃=0(𝑥)𝑒−𝑗2𝜋𝑢𝑥𝑑𝑥
+∞

−∞
                                  (2.10) 

Since the right part of equation (2.10) represents the one-dimensional Fourier transform of 

the projection Pθ=0, we have the following relationship between the vertical projection and the 

2D transform of the object 

                                                                 F (u, 0) = Sθ =0(u)                                               (2.11) 
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The obtained result is independent of the orientation between the object and the coordinate 

system and can lead to the definition of the Fourier slice theorem which is illustrated in 

Figure 2.17. 

 

Figure 2.17: Illustration of the Fourier slice theorem which states that a projection at a 

certain angle at the space domain corresponds to a central section through the Fourier 

transform of that object. 

 

In cases where an infinite number of projections are available, an object can be 

reconstructed by using the inverse Fourier transform. However, since it is impossible to 

acquire an infinite number of images, regular gaps in Fourier space are present as illustrated 

in Figure 2.18a. Additionally, due to the radial symmetry, an interpolation step is required in 

Fourier space to convert the radial distribution into a Cartesian lattice, before an inverse 

Fourier transform can be applied at the results, Figure 2.18b. The interpolation in Fourier 

space is far from straightforward especially for cases in which only a limited number of 

projections is available. This is the reason why the approach is not frequently used in 

practical applications.
127
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Figure 2.18: a) The finite and inhomogeneity of sampling of the object according to Fourier 

slice theorem in Fourier space, b) the need for even sampling by interpolation in order to 

restore the object. 

 

Since a ‘direct Fourier reconstruction’
128,129

 in experimental electron tomography is 

problematic, an alternative to overcome this limitation is the use of real space reconstruction 

methods, with the most popular being the weighted backprojection (WPB), the algebraic 

reconstruction technique (ART) and the simultaneous iterative reconstruction technique 

(SIRT), which will be presented below. 

 

Real space reconstruction methods 

 

Notation and concept 

 

For simplicity, the concept of electron tomography can be explained using a 2D 

reconstruction out of 1D projections. Extension to 3D objects is then straightforward since 

these can be regarded as a set of 2D slices. During the acquisition of a tomographic 

experiment, N projections (all with k pixels) are acquired at tilt angles {θ1,θ2, . . . ,θN} from 

an object f(u,v) with a width w and a height h. As can be seen from Figure 2.19, the 

acquisition of projections during this tomographic experiment can be seen as a set of linear 

equations 

                                                           Ax = b                                                          (2.12) 
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where b is the measurement vector of size m x 1 (m = N x k) representing the projections, x is 

the vector with dimensions n x 1 (n = w x h) representing the imaged object and A is the 

projection matrix of size m x n. The element ai,j equals the contribution of pixel i to 

projection ray j. To calculate a reconstruction of the object, one has to solve the inverse 

problem of recovering the unknown vector x from the measurements b. As the number of 

pixels n in the reconstructed object is typically much larger than the number m of projection 

rays, the system is underdetermined and an infinite number of solutions may exist. To make 

matters worse, noise and other errors in the measured data will typically make the equation 

system inconsistent, so that no exact solution exists at all. Therefore, more reconstruction 

algorithms aim to minimize the difference between Ax and b (i.e. projection distance) by 

using the l2 norm which corresponds to a weighted least square sum problem. 

 

 

Figure 2.19: Projection geometry for tomographic experiment. The vector x represents the 

imaged object with dimensions w x h. The element ai,j of the projection matrix A equals the 

contribution of elements xi to projection ray bj. 

 

Backprojection (BP) and Weighted Backprojection (WBP) methods 

 

The basic principle of direct backprojection is illustrated in Figure 2.9b. Using this 

approach, the projection images of a tilt series are all re-projected along their original 

acquisition angle and the superposition will yield the final reconstruction.
128,130

 However, 
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reconstructions that are obtained in this manner are blurred due to an enhancement of the low 

frequencies and it is visually presented in Figure 2.20. The blurring can be avoided by using 

different weighting filters, which are multiplied with the reconstruction in Fourier space. This 

technique is referred to as weighted backprojection.
90

 

 

 

Figure 2.20: Reconstruction of a 2D phantom image using BP and WBP in the spatial 

domain using different number of projections. 

 

Algebraic and Simultaneous Iterative Reconstruction Techniques (ART and SIRT) 

 

Due to the finite number of projection images, the quality of a reconstruction based on 

(weighted) backprojection may be poor. Therefore, iterative reconstruction methods have 

been developed, where often the following minimization problem is iteratively solved 

                                 �̂� = 𝑎𝑟𝑔𝑚𝑖𝑛𝑥‖𝐴𝑥 − 𝑏‖2
2                                                        (2.13) 

Hereby, an intermediate reconstruction is re-projected along the original projection angles. 

The “forward” projections that are obtained in this manner will be compared to the original 

projection images. In this manner, “difference” projections are obtained which are used in 

order to obtain a difference reconstruction. The difference reconstruction will be either added 

or multiplied with the original reconstruction in order to correct it. This procedure is repeated 

iteratively until the final reconstruction is constrained to fit the original projections.
131

 The 

most commonly used iterative reconstructions are the Algebraic Reconstruction Technique 
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(ART), where the reconstruction is corrected once at each projection angle before being 

applied to the next angle
132

 and the Simultaneous Iterative Reconstruction Technique (SIRT) 

where the comparison is performed simultaneously at all the projections.
133

 These 

conventional reconstruction algorithms do not use any prior information on the sample that 

needs to be reconstructed. In this manner, the quality of the final result is predominantly 

determined by the number of projection images and the angular range over which they are 

acquired. More advanced reconstruction algorithms however, do use prior knowledge on the 

object that needs to be reconstructed. In this manner the quality of the reconstruction can be 

significantly improved. Different approaches exist, such as “DART” and “TVM”; in this 

thesis “TVM” was applied. 

 

Discrete tomography 

 

The Discrete Algebraic Reconstruction Technique (DART), is based on the 

assumption that the number of expected gray levels in the final reconstruction is known.
134

 

This additional knowledge is implemented by combining an iterative reconstruction 

algorithm, such as SIRT, with discretization steps. The main advantage of the technique is 

that reliable results can be obtained even in cases where only a few projection images are 

available, as in the case illustrated in Figure 2.21. Furthermore, segmentation is performed 

during the reconstruction process in a reliable manner.
135,98 
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Figure 2.21: Orthoslices through the 3D reconstruction of a porous structure obtained with 

SIRT and DART (discrete tomography). The numbers indicate the missing wedge. It is clear 

that using DART the reconstruction quality is still very accurate, even for a large missing 

wedge. (Figure from Biermans et al.).
98

 

 

TVM reconstruction technique 

 

In case the number of expected gray levels in the final reconstruction is unknown, one 

may use the Total Variation Minimization (TVM) reconstruction algorithm which is based on 

compressive sensing (CS).
136,137

 

Compressive sensing is a field in image processing that is specialized in finding a 

solution to a set of ill-posed linear equations that has a sparse representation in some basis. In 

electron tomography of nanostructured materials, it is often valid to assume that the 

investigated object is not sparse when represented on a standard pixel basis, but that its 

boundary, representing the interface between different compositions is sparse, Figure 2.22. 

This sparsity assumption can be incorporated in a tomographic reconstruction algorithm by 

simultaneously minimizing the projection distance and the total variation on the 

reconstruction object: 

                                 �̂� = 𝑎𝑟𝑔𝑚𝑖𝑛𝑥 [ 
𝜇

2
‖𝐴𝑥 − 𝑏‖2

2 +  𝑇𝑉(𝑥)]                                (2.14) 

Here, TV(x) represents the total variation of the object and µ is a regularization 

parameter indicating the importance of both terms in the equation. The first term ‖𝐴𝑥 − 𝑏‖2
2 

represents the projection distance which is a measure for the correspondence between the 

experimental projection images and the reprojections of the intermediate 3D reconstruction. 
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This equation minimizes both the projection distance and the total variation and therefore 

results in a reconstruction which approximately satisfies the projection data and has a low 

total variation. Due to the sparsity exploited during the reconstruction algorithm, this 

approach yields reconstructions in which missing wedge artefacts are reduced and 

segmentation is more straightforward giving more reliable quantitative and also qualitative 

results.
136,137,138,139,73 

 

 

Figure 2.22: a) Shepp-logan phantom object and b) gradient image of this phantom object. It 

can be seen that the gradient image is a sparse representation of the original object. 

 

2.3.4 Sample preparation 

 

 In this thesis, nanoparticles are the subject of investigation. Therefore, samples for 

TEM are typically prepared by drop-casting dispersions onto a TEM grid. Mostly, these grids 

are made from Cu and are covered by a thin C layer, as illustrated in Figure 2.23a. For 

specific experiments, such as spectral tomography, one needs to avoid a C background and 

therefore SiN grids are used, an example is presented in Figure 2.23b. The main problem 

when using these grids for tomography is shadowing at high tilt angles, usually above ±70
o
. 

For samples that cannot be deposited onto a C coated Cu grid, lamella’s or even needle 

shaped samples are frequently used as well, but the preparation of such samples is more time 

consuming since a dedicated focused ion beam (FIB) instrument is required. Plasma cleaning 

of the sample using a gas mixture of Ar and O2 is performed prior to almost any experiment 

in order to prevent the build-up of contamination on the sample. 
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Figure 2.23: a) Example of a circular shaped C coated Cu grid, b) example of a SiN grid. 

 

2.4    Recent advances in tomography 

2.4.1 Electron tomography at the atomic scale 

 

In many recent reports it has been showed that electron tomography can be extended 

to the atomic level and that 3D reconstructions with atomic resolution can be achieved using 

different approaches.
140,44,45,141,142

  Such reconstructions can be obtained even from a limited 

number of high-resolution HAADF-STEM images, using advanced statistical parameter 

estimation and discrete tomography
140,44

 The approach at the moment is  based on the simple 

assumption that all atom positions are fixed on a grid. A different approach was recently 

proposed by Scott et al. where an equally sloped tomography (EST) technique was applied to 

create a 3D reconstruction of an approximately 10 nm Au nanoparticle with a resolution of 

2.4 Å.
141

 Although not every single atom could be located inside the nanoparticle, individual 

ones could be observed in some regions inside the volume and several grains could be 

identified. A similar technique was applied by the same group in order to obtain a 

reconstruction of the atoms around a dislocation in a Pt crystal.
45

 

All these results are promising but the main disadvantages of the previously 

mentioned techniques are that either a large amount of high resolution STEM projections are 

required, leading to increased damage of the samples, or it is assumed that atoms are 

positioned on a regular grid. An alternative to those approaches is the use of CS based 

electron tomography. At the atomic scale, the approach exploits the sparsity of the object 

since most of the voxels that need to be reconstructed correspond to vacuum and only a 

limited number of voxels are occupied by atoms. The implementation of this idea in a 

tomographic reconstruction algorithm will result in a more reliable atomic-scale 

reconstruction compared to those which are based on conventional algorithms and an 
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additional advantage is that only a few high resolution projections images are usually 

sufficient for a reliable reconstruction. This approach has been recently applied to reconstruct 

the structure of Au nanorods.
46 

 

 

Figure 2.24: Atomic scale reconstruction of Au nanorods. a,b) Orthogonal slices through the 

atomic scale reconstruction of Au nanorods prepared using different surfactants. The side 

facets of these rods can be clearly recognized. (Figure from Goris et al.).
46

 

 

As it was already discussed in Chapter 1, bimetallic nanoparticles often provide 

improved properties compared to those of their building blocks. Therefore, in order to better 

understand these properties, a complete 3D characterization is often required where the exact 

positioning of the different chemical elements and the identification of the atom type of the 

individual atoms is crucial, especially at interfaces. This chemical information can be 

obtained from HAADF-STEM tomography, owing to the dependence of the intensity in the 

projection images on the atomic number. Recently, a parametric model in which projection 

images of the atomic columns are described using Gaussian peaks was assumed and the 

outcome of the statistical parameter estimation was used as an input for the (CS) algorithm, in 

order to identify the chemical nature of the different atoms present in a core-shell Au-Ag 

nanoparticle.
143
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This Chapter is based on the work: E. Coutino-Gonzalez, T. Altantzis, et al., Direct 

Observation of Luminescent Sub-Nanometer Silver Species Confined in FAU Zeolites, in 

preparation. 
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3.1    Introduction 

 

Functional sub-nanometer metal clusters with tailored properties have recently 

emerged as promising alternative materials with potential applications in diverse fields 

including catalysis,
144

 photonics,
145

 biolabbeling,
146

 and electronics.
147,148

 However, as it was 

already discussed in Chapter 1, small metal structures tend to aggregate into larger 

nanoparticles and as a consequence their peculiar physicochemical properties are lost. An 

alternative to overcome this problem is the use of confinement scaffolds to stabilize these 

minuscule metal structures. Due to their nano-sized cavity arrangement, a high capacity of 

cation exchange and high degree of crystallinity, zeolites have been widely utilized as 

templates for the synthesis of well-defined oligoatomic metal structures with particular 

properties.
149,150,10

 However, since these atomic clusters and their scaffolds are very sensitive 

under the electron beam irradiation and the observation time is usually limited to a few 

seconds, 3D characterization by electron tomography is not straightforward. In this chapter, 

oligo-atomic Ag clusters confined in zeolites were investigated by aberration corrected 

STEM. 

 

3.2    A brief introduction to zeolites 

 

Zeolites are crystalline microporous aluminosilicates based on AlO4 and SiO4 

tetrahedra that are connected by shared oxygen atom bridges. Combinations of these 

tetrahedral structures lead to at least 200 unique zeolite framework types,
151

 making zeolites 

the most important and versatile heterogeneous catalysts.
152

 In Figure 3.1, a model for the 

structure of Chabazite is shown, where Si and O atoms are represented by green and red 

spheres respectively. The term “zeolite” was introduced for the first time in 1756 by the 

Swedish mineralogist Axel Fredik Cronstedt. He observed that when rapidly heating the 

material stilbite, large amounts of steam were produced originating from water that had been 

adsorbed by the material. Based on this observation, he called the material zeolite, from the 

Greek words ζέω (boil) and λίθος (stone). Although zeolites occur naturally with almost 40 

different types such as heaulandite, chabazite, mordenite being known, they can be also 

industrially produced on a large scale. One of the most important processes used for the 

synthesis of zeolites is the sol-gel process.
153

 Many parameters can determine the properties 

of the final product, including the reaction mixture composition, the pH of the system, the 
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operating temperature, the pre-reaction seeding time, the reaction time as well as the 

templates used. 

According to the classification made by IUPAC, porous solids can be grouped into 

three categories, depending on their pore diameter: microporous (d < 2 nm), mesoporous (2 

nm < d < 50 nm), and macroporous (d >50 nm) materials. Almost all of zeolites and their 

derivatives are microporous, whereas surfactant templated mesoporous materials and most 

xerogels and aerogels are mesoporous materials. 

 

 

Figure 3.1: Structure of the natural zeolite Chabazite oriented along the [001] zone axis. 

 

The porous structure of zeolites can accommodate a wide variety of cations, such as 

Na
+
, K

+
, Ca

2+
, Mg

2+
 and others. Since these cations are rather loosely held, they can be 

readily exchanged by others in a contact solution, giving to the zeolites a property called ion 

exchange, which is very useful for numerous applications in different scientific fields, such as 

in nuclear industry, in biogas industry as well as in the field of medicine. For example, 

concerning the nuclear industry, in the aftermath of the Fukushima Daaichi nuclear disaster 

which took place in 2011, sandbags of zeolite were dropped into the seawater near the power 

plant to absorb radioactive caesium which was present in high levels. 
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Many studies have been dedicated to the synthesis and characterization of zeolites 

where Ag exchange takes place,
154,155,156,157,158

 due to their possible applications, such as the 

recovery of radioactive materials and especially their antibacterial activity.
156,157,158

 In order 

to obtain better insight on the structure-to-property relation, a detailed characterization of the 

atomic structure is of crucial importance. 

The most common methods to investigate structure of zeolites are X-ray powder 

diffraction (XRPD) and HRTEM. In the first case information is collected from a large 

amount of unit cells in order to obtain an average structure of the crystal, whereas in the 

second case, more local information is obtained. Therefore, TEM is extensively used in order 

to obtain information concerning the presence of crystal defects in the zeolitic crystals, such 

as stacking faults and intergrowth fault planes. Furthermore, by Scanning Electron 

Microscopy (SEM), the size and the morphology of the crystals can be determined. 

In the next paragraphs the synthesis approaches and applications of Ag-exchanged 

zeolites will be presented, as well as the characterization results for the case of the Ag-

exchanged FAU-Y and FAU-X zeolites by combining X-ray Diffraction Analysis (XRD) and 

aberration-corrected HAADF-STEM. 

The faujasite (FAU) framework consists of sodalite cages which are connected 

through hexagonal prisms, Figure 3.2. The pores are arranged perpendicular to each other. 

The pore, which is formed by a 12-membered ring, has a relatively large diameter of 7.4 Ǻ. 

The inner cavity has a diameter of 12 Ǻ and is surrounded by 10 sodalite cages. 
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Figure 3.2: Schematic representation of FAU topology. FAU zeolites belong to the family of 

sodalite cage-containing topologies. The sodalite cages (highlighted in blue) in FAU are 

connected through hexagonal rings (highlighted in yellow). Such connections give rise to the 

so-called super cages (8 ring window indicated by green). 

 

3.3    Ag-exchanged FAU zeolites 

3.3.1 Preparation and applications 

 

Metal clusters have recently emerged as promising alternative materials with potential 

applications in diverse fields. The use of confinement scaffolds, such as zeolites, is almost 

always needed in order to stabilize these minuscule metal structures. A representative 

example consists of silver-zeolite composite materials, which are often employed as 

catalysts,
159,160,

 antimicrobial agents,
156,157

 molecular sieves,
161

 and recently as luminescent 

materials.
162,163

 Deciphering the physicochemical properties of sub-nanometer silver 

structures confined in zeolites is fundamental for the understanding of the different processes 

behind cluster formation and their functional properties. 

In this work, two different forms of the zeolite faujasite (FAU), having different Si/Al 

ratios (FAU-X, Si/Al ratio 1.3, and FAU-Y Si/Al ratio 2.7), were employed as scaffolds in 

order to stabilize these Ag clusters, by the group of Prof. Johan Hofkens, the laboratory of 
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photochemistry and spectroscopy at the KU Leuven, Belgium. A cation exchange procedure 

was used to synthesize the fully loaded silver exchanged FAU zeolites. It has been reported in 

literature that thermal treatment of Ag-exchanged zeolites yields highly luminescent clusters 

without formation of metallic nanoparticles.
11

 Depending on the amount of exchanged Ag 

and the host topology, different luminescence colours can be observed. For that reason, for 

each sample a non-activated and a heat-activated form, at a temperature of 450 
o
C, were 

prepared, with the purpose to reveal differences on the structure of the Ag clusters in the 

framework of the zeolite in their non-luminescent and luminescent states respectively. 

The detailed structural characterization of those systems enables researchers to deeply 

understand the structure-to-property relationships, which provides the fundamental basis for 

their rational design and synthesis. However, the structural characterization of small silver 

metal structures confined in zeolites is challenging. The sensitivity (in situ restructuring, 

increased mobility) of the silver metal structures to radiation damage imposed by the 

different characterization techniques,
164,165,166,167

 complicates the in-depth analysis of these 

sub-nanometer silver structures confined in zeolitic matrices. 

 

3.3.2 Structural characterization by aberration corrected STEM 

 

 In the case of silver containing zeolites, several models, based on XRD 

measurements, have been suggested for the most commonly used topologies (FAU, LTA). 

For instance, Gellens and co-workers
168

 found partially reduced linear Ag3 species located 

inside the hexagonal prisms of Ag-FAU-X zeolites (Si/Al ratio 1.23). Lee and 

collaborators
169

 reported the formation of Ag2
2+

, Ag3
+
, Ag3

2+
 silver species in Ag-FAU-X 

zeolites (Si/Al ratio 1.08) heat-treated under an oxygen flow. In a related study, Kim and co-

workers determined the crystal structure of fully exchanged Ag-FAU-X zeolites (Si/Al ratio 

1.08) treated under reducing environments.
170

 They observed the presence of larger silver 

species (Ag4
n+

, Ag8
m+

) when the samples were exposed to a hydrogen flow. However, despite 

the many efforts carried to decipher the exact structure of these minuscule Ag species, at 

present, there is no conclusive model obtained by XRD dealing with the structural 

characterization of luminescent silver species confined in faujasites.
 

Here, we investigated the structure of Ag-FAU zeolites by combining XRD using 

Rietveld analysis and aberration corrected Scanning Transmission Electron Microscopy 

(STEM). (S)TEM is a very powerful technique to characterize the structure and composition 
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of materials at atomic scale. However, the use of electron microscopy for aluminosilicate 

mesoporous matrices is limited due to the extreme sensitivity of these materials under the 

electron beam irradiation and under high vacuum conditions.
171

 Also silver exchanged 

zeolites are extremely sensitive to damage caused by the electron beam, especially in the case 

of topologies having a relatively low Si/Al ratio such as LTA and FAU zeolites.
172

 

Recently, HAADF-STEM was used to unravel the structure of sub-nanometer silver 

structures in Ag-LTA zeolites.
155

 In this imaging mode, Ag cations appear with higher 

intensity in comparison to the elements in the zeolitic framework (Si, Al and O). An 

octahedral Ag6 structure was visualized in the sodalite cages of fully exchanged heat-treated 

Ag-LTA zeolites. 

 In order to eliminate the presence of water in the samples used for XRD 

measurements and be able to obtain more reliable results, we here placed the powder in glass 

capillaries to prevent contact with air. The same capillaries were used also for TEM 

measurements and the preparation of samples was performed in the glove box, in order to 

avoid contact with air. Samples for TEM measurements were prepared by dispersing the 

zeolitic powder in hexane. A droplet of the solution was deposited on a holey C coated Cu 

grid. The grid was placed in a Gatan model 648 double tilt vacuum transfer holder in order to 

avoid contact with air during the transfer of the sample into the TEM. Primary to all 

observations, the sample was stored in the vacuum of the column (4.76 x 10
-7

 mbar) for at 

least 10 hours, to achieve a higher stability of the set-up during the measurements. In this 

manner, it is guaranteed that all water and hexane remnants are removed. High resolution 

HAADF-STEM images were acquired using a double aberration corrected cubed FEI Titan 

50-80 transmission electron microscope operated at 300 kV. The probe convergence semi 

angle was set to 21 mrad and the dwell time for the acquisition of a single image did not 

exceed 3 μs. Further exposure resulted into damage of the zeolite framework and the 

subsequent formation of larger silver nanoparticles. HAADF-STEM images were acquired 

along the two main zone axes [100] and [110]. Images along the [111] zone axis are not 

included since they do not provide any extra information for the structure. 

 Apart from the detailed structural characterization, EDX measurements were also 

performed in all samples, by using an FEI-Quanta 250 FEG scanning electron microscope 

operated at 20 kV, with the purpose to verify the successful exchange of Na
+
 with Ag

+
 in the 

structure. In each case, information was collected by 16 different crystals. The results are 

presented in table 3.1. It is clear that for the FAU-Y non-activated and heat-activated 

samples, a high amount of Na is still present in the sample, meaning that the exchange is 
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partial. The latter can be explained by the high Si/Al ratio, which makes the structure more 

compact and consequently the probability of exchange in certain positions is decreased. 

 

Table 3.1: Atomic % values of Na, Si, Al and Ag  for all the studied samples. 

 Na Atomic % Si Atomic % Al Atomic % Ag Atomic % 

FAU-X non-

activated 

3.41 ± 0.46 40.92 ± 1.72 29.22 ± 1.21 26.45 ± 3.29 

FAU-X heat-

activated 

3.83 ± 0.48 41.39 ± 1.34 29.32 ± 0.89 25.45 ± 2.63 

FAU-Y non-

activated 

7.76 ± 0.65 58.52 ± 0.59 20.12 ± 0.67 13.48 ± 0.54 

FAU-Y heat-

activated 

7.89 ± 1.85 58.65 ± 0.76 19.93 ± 0.50 13.53 ± 1.97 

 

3.3.3 FAU-X 

 

 In Figure 3.3, HAADF-STEM images of the Ag-FAU-X non-activated and heat-

activated samples, acquired along the [110] and [100] zone axes are presented. It is of great 

importance to minimize the electron dose during the acquisition in order to avoid electron 

beam damage or structural changes of the Ag clusters during the image acquisition. 

Unfortunately, since the electron dose was kept to a strict minimum, a low signal-to-noise-

ratio (S/N ratio) is obtained in the images. To overcome this problem, a template matching 

procedure was applied to the acquired data. This technique enables one to find specific 

regions in a given image that correspond to a pre-defined template.
173

 The result of this 

procedure is presented as an inset for each zone axis in Figure 3.3. The S/N ratio is indeed 

significantly increased in comparison to the raw data. 
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Figure 3.3: High resolution HAADF-STEM images of the Ag exchanged FAU-X zeolite, 

acquired along a) [110] and b) [100] for the non-activated sample and along c) [110] and d) 

[100] for the heat-activated sample. The insets present the results of the averaging 

procedure, using 16 templates for a, 161 for b, 50 for c and 139 for d respectively. 

 

Because of the chemical sensitivity of the HAADF-STEM technique, it can be 

expected that the bright spots in the insets correspond to the projected positions of the Ag 

cations in the zeolitic framework. To confirm this, we compared the patterns obtained by 

HAADF-STEM to the models obtained by the XRD measurements for both the non-

luminescent (non-activated) and luminescent (heat-activated) states. The models for both 

forms are presented in Figure 3.4, along a <100> orientation. In table 3.2, the occupancy 

factors are given for each Ag position in both structures. A high occupancy factor is 

translated to higher probability for the presence in the corresponding position of the structure. 

A comparison is presented in Figure 3.5, where the averaged HAADF-STEM images are 

presented along with an overlay of the structure as expected from XRD. It should be noted 

that only the positions of the Ag atoms are indicated to simplify the representation. For all 

positions in both zone axes, a good agreement was found. 
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Figure 3.4: Models obtained from the XRD analysis for the Ag-exchanged a) FAU-X non-

activated and b) FAU-X heat-activated samples, oriented along a <100> orientation. The O 

and Si positions in the structure are represented by light green and purple spheres 

respectively. The Ag positions in the two structures are represented with different colours, 

depending on their occupancy factors obtained by the analysis. 

 

Table 3.2: Occupancy factors of the different Ag positions for both non-activated and heat-

activated forms of FAU-X. 

FAU-X non-activated  FAU-X heat-activated 

Ag atoms Site Occupancy  Ag atoms Site Occupancy 

Ag1 (I’) 0.573  Ag1 (I’) 0.695 

Ag2 (II) 0.966  Ag2 (II) 0.598 

Ag3 (I) 0.971  Ag3 (I) 0.977 

Ag4  -  Ag4 (II’) 0.319 

 

All the Ag positions have high occupancy factors, something which explains their presence in 

both HAADF-STEM and XRD, and their values are given in table 3.2 for both the non-

activated and heat-activated forms. 
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Figure 3.5: a) and c) Comparison between the averaged images and the models obtained 

from XRD along the [110] zone axis for both the non-activated (a) and heat-activated (c) 

forms of FAU-X. b) and d) Comparison between the averaged images and the models 

obtained from XRD along the [100] zone axis for both the non-activated (b) and heat-

activated (d) forms of FAU-X. The spheres with different colours represent the Ag atoms with 

different occupancy factors, which are given in table 3.2. It can be seen that for both zone 

axes, no difference can be observed between the different forms and a very good matching is 

prevalent when comparing the averaged images with the models. For a more straightforward 

comparison, the framework species were not included. 

 

 From the averaged images (insets Figure 3.3) it is clear that the intensity that is 

observed is not equal for each position. This can be explained by the image formation 

mechanism in HAADF-STEM mode, and means that multiple Ag atoms are present at the 

same projected position; in other words more than one Ag atom is present along the viewing 

direction. Additionally, this difference of the observed intensities could be also attributed to 

the different occupancy factors that the Ag atoms have in each sample. 
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Based on these Ag positions we developed a 3D structural model of Ag-FAU-X 

zeolites in their luminescent (heat-activated) and non-luminescent (non-activated) states. For 

the non-activated Ag-FAU-X sample Ag atoms are predominantly present at sites I, I' and II; 

whereas in the heat-activated sample sites I, I', II and II' are mainly populated (table 3.2, 

Figure 3.6). This information could suggest the presence of a linear Ag3 species with Ag 

atoms at sites I'-I-I' at an interatomic distance of 3.129 Å already before heat-treatment. 

However, the occupancy factors also show the low probability for the actual formation of this 

cluster. 

 

 

Figure 3.6: Three-dimensional structural models obtained by HAADF-STEM and XRD 

analysis for Ag-FAU-X zeolites in their non-luminescent a) and luminescent b) states. For a 

better visualization only one sodalite cage with its respective hexagonal connectors (sub-unit 

cell) is displayed. c) Two-dimensional excitation-emission plot, d) excitation-emission 

profiles and, e) pictures of heat-treated Ag-FAUX zeolites under day light (top picture) and 

366 nm illumination (bottom picture). 

 

Additionally, site II (outer site of the six ring of sodalite cages) displayed a high 

occupancy (0.966) in non-activated samples, nevertheless, an interaction between this silver 
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and the silver at the linear Ag3 species can be discarded due to the long distance observed 

between them. Once the sample is heat-treated, site II' (inner site of the six ring of the 

sodalite cages) becomes populated; based on the changes in occupancy factors, a migration of 

Ag from site II to II' takes place. Moreover, a slight decrease of the interatomic distances 

between sites I'-I-I' occurs (3.123 Å) and the probability (based on the occupancy factors 

obtained by XRD analysis) for the formation of Ag3 species increases. As a consequence, the 

linear Ag3 silver species confined within the hexagonal ring connectors starts to weakly 

interact with Ag atoms located at position II' resulting in a tetranuclear Ag3...Ag Ag species, 

Figure 3.6. Such species might be related to the yellow emission recorded in heat-activated 

Ag-FAU-X samples. To further corroborate this theory, we exchanged FAU-X zeolites with 

Cu
2+

 and Ag
+
 ions and proceeded with their heat-treatment. It is well known that Cu ions 

have a great affinity to occupy site I in FAU topologies.
171

 Therefore we expected a decrease 

of the luminescence of the heat-activated Ag/Cu-FAU-X sample since the linear Ag3 core of 

the emissive species will be disrupted by Cu ions. A decrease of about three orders of 

magnitude in the photoluminescence of Ag/Cu-FAU-X samples compared to Ag-FAU-X 

samples was observed, validating our theory. 

 

3.3.4 FAU-Y 

 

The same experimental approach was followed for the structural characterization of 

the FAU-Y samples, for both non-activated and heat-activated forms and the HAADF-STEM 

images together with the averaging results are presented in Figure 3.7. It is clear, especially 

from the averaged images, that the results for the non-activated and heat-activated samples 

are identical. The models obtained from the XRD analysis for both structures are presented in 

Figure 3.8, along a <100> orientation. In table 3.3, the occupancy factors are given for each 

Ag position in both structures. In order to further verify our results, the averaged images were 

compared with the XRD models and the results are shown in Figure 3.9. 
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Figure 3.7: High resolution HAADF-STEM images of the Ag exchanged FAU-Y zeolite, 

acquired along a) [110] and b) [100] for the non-activated sample and c) [110] and d) [100] 

for the heat-activated sample. The insets present the results of the averaging procedure, 

using 120 templates for a, 130 for b, 20 for c and 16 for d respectively. 

 

From the comparison, it is obvious that for both the non-activated and heat-activated 

forms, inconsistencies between the averaged HAADF-STEM images and the models are 

present along both zone axes, indicated by yellow circles. 

 

 

Figure 3.8: Models obtained from the XRD analysis for the Ag-exchanged a) FAU-Y non-

activated and b) FAU-Y heat-activated samples, oriented along a <100> orientation. The O 

and Si positions in the structure are represented by light green and purple spheres 
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respectively. The Ag positions in the two structures are represented with different colours, 

depending on their occupancy factors obtained by the analysis. 

 

Table 3.3: Occupancy factors of the different Ag positions for both non-activated and heat-

activated forms of FAU-Y. 

FAU-Y non-activated  FAU-Y heat-activated 

Ag atoms Site Occupancy  Ag atoms Site Occupancy 

Ag1 (I’) 0.436  Ag1 (I’) 0.159 

Ag2 (II) 0.488  Ag2 (II) 0.480 

Ag3 (I) 0.125  Ag3 (I) 0.693 

Ag4  -  Ag4 (I’) 0.137 

Ag5  -  Ag5 (I’) 0.092 

 

For the heat-activated sample, inconsistencies between STEM and XRD are prevalent 

for the positions of Ag1, Ag4 and Ag5 (light blue, yellow and blue atoms respectively), as 

illustrated in Figures 3.9c and 3.9d. Although Ag is expected at these positions based on 

XRD, no indication for their presence (high contrast features) is observed in the HAADF-

STEM images. As indicated in table 3.3, the occupancy of Ag at these positions is relatively 

low, which could explain why they cannot be observed by HAADF-STEM. From the EDX 

results shown in table 3.1, it was observed that for the heat-activated sample high amount of 

Na, almost comparable to that of Ag, was still present in the structure, meaning that Ag-

exchange did not occur in some positions. Since Na atomic number is much lower compared 

to Ag, the contrast in STEM will be also lower and similar to that of the framework species. 

The latter could give a different explanation for the absence of high contrast features in the 

cation positions at the STEM projections. 

For the non-activated sample, in which three Ag positions with different occupancy 

factors are present, inconsistencies were found for the Ag1 position (light blue atoms), as 

indicated by yellow circles in Figures 3.9a and 3.9b. Indeed, averaged HAADF-STEM 

images do not show bright intensities at the Ag1 positions. It is remarkable that these 

positions yield a high occupancy factor according to the XRD results. Also for this case, the 

EDX results which indicate partial exchange could explain the latter inconsistencies. 
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Figure 3.9: a) and c) Comparison between the averaged images and the models obtained 

from XRD along the [110] zone axis for both the non-activated (a) and heat-activated (c) 

forms of FAU-Y. b) and d) Comparison between the averaged images and the models 

obtained from XRD along the [100] zone axis for both the non-activated (b) and heat-

activated (d) forms of FAU-Y. The spheres with different colours represent the Ag atoms with 

different occupancy factors, which are given in table 3.3. When comparing the averaged 

images with the XRD models for both the non-activated and heat-activated forms, 

inconsistencies can be observed. Ag positions that are expected from XRD but which cannot 

be observed by HAADF-STEM are indicated by the yellow circles. For a more 

straightforward comparison, the framework species were not included. 
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Figure 3.10: Three-dimensional structural models obtained by HAADF-STEM and XRD 

analysis for Ag-FAU-Y zeolites in their non-luminescent a) and luminescent b) states. For a 

better visualization only one sodalite cage with its respective hexagonal connectors (sub-unit 

cell) is displayed. c) Two-dimensional excitation-emission plot, d) excitation-emission 

profiles and, e) pictures of heat-treated Ag-FAU-Y zeolites under day light (top picture) and 

366 nm illumination (bottom picture). 

 

Previous studies performed for partially and fully Ag-exchanged Faujasites,
168

 

showed that applying high vacuum could induce the formation of luminescent species similar 

to a heat-treatment and some materials are more prone to this activation. During TEM 

analysis, the samples were always kept inside the ultra-high vacuum of the column for at least 

10 hours prior to the observations. Additionally, the samples were exposed to a highly 

energetic electron beam. Therefore it is very likely that the activation of the non-activated 

samples initially in the non-luminescent state has taken place during TEM investigation. 

When investigating the sample using XRD such activation is not expected, since no high 

vacuum is required and no heating of the sample occurs during the acquisition. The latter can 

be an alternative explanation for the discrepancies observed between XRD and STEM and 

also could explain the absence of differences between the non-activated and heat-activated 
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forms of FAU-Y, when looking at the STEM images. To further investigate this issue, in-situ 

photoluminescence experiments on cation-exchanged Ag-FAU-Y zeolites were performed by 

our collaborators in KU Leuven, using a vacuum compatible spectroscopic cell. Non-

activated samples were pressed into pellets (1.3 cm diameter and 1 mm thickness) and 

mounted into the cell after which they were evacuated and kept under vacuum conditions ( 1 

x 10
-5

 bar) overnight. Comparison of the luminescence before and after the vacuum treatment 

revealed a strong increase in luminescence. 

From the HAADF-STEM images we could not observe differences between Ag-FAU-

Y samples in their non-luminescent and luminescent states due to the effect of the 

measurement conditions (vacuum + electron irradiation) on the Ag species confined in FAU-

Y zeolites. Nevertheless, from XRD analysis we identified differences in the atomic 

arrangement of Ag in non-activated and heat-activated Ag-FAU-Y samples. In sites I, I' and 

II, the presence of Ag atoms was observed in both the non-activated and heat-activated Ag-

FAU-Y samples, Figure 3.10, however with a clear difference in their occupancy factors, 

table 3.3. A Ag3 cluster located at the hexagonal rings connectors, Figure 3.10, was 

elucidated from the XRD analysis, being such species similar to those found in Ag-FAU-X 

samples. Remarkably, the analysis of the occupancy factors derived from XRD indicates a 

low probability for the formation of such trinuclear species in the non-activated sample 

whereas in the heat-activated sample a delocalization of the Ag atoms positioned at site I' 

together with an increase of the occupancy factor of site I favors the formation of Ag3 

species. Therefore the green emission visualized in heat-activated Ag-FAU-Y samples could 

be associated to these Ag3 species. Additionally site II displayed a very similar occupancy 

factor in both samples (non-activated and heat-activated). Nonetheless, we consider that the 

Ag atoms positioned at this site do not play a direct role on the photoluminescence features of 

Ag-FAU-Y zeolites, due to the long distances observed between Ag atoms at site II and the 

Ag3 species located at the hexagonal rings connectors, as suggested in previous studies.
169,170

 

 

3.4    Conclusions 

 

 In this chapter by using aberration corrected high angle annular dark field scanning 

transmission electron microscopy (HAADF-STEM), at relatively low electron dose, we were 

able to directly visualize the atomic arrangement of Ag in Ag-FAU zeolites possessing two 

different Si/Al ratios. Importantly, using XRD with Rietveld analysis and HAADF-STEM, 
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we have developed 3D structural models for Ag-FAU samples in their non-luminescent (non-

activated) and luminescent (heat-activated) states. The detailed atomic analysis of the 

samples in their luminescent state revealed the presence of a linear Ag3 species associated to 

green emission in Ag-FAU-Y zeolites, whereas in Ag-FAU-X zeolites a Ag3...Ag species was 

observed and correlated to the typical yellow emission displayed by this sample. 

Interestingly, both samples (Ag-FAU-Y and Ag-FAU-X) share a common predecessor in 

their non-luminescent state, an apparent Ag3 species, which acts as a precursor for the 

subsequent formation of the luminescent Ag species in heat-activated Ag-FAU zeolites. Our 

results settle several long-standing controversies regarding the structure-to-luminescence 

properties of Ag-FAU zeolites. Moreover, the approach followed in this study demonstrate 

the high potential to identify minuscule differences in nano-structured sensitive functional 

materials and correlate such differences to their physicochemical properties, proving the 

value of HAADF-STEM combined with XRD analysis for characterizing similar systems. 
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4.1    Introduction 
 

  Since the turn of the century, electron tomography has been used to investigate the 3D 

structure of materials at the nanometer scale and below.
91,141

 An important application has 

been the 3D investigation of the morphology of nanoparticles.
114

 Indeed, the morphology of 

nanoparticles largely determines their physical properties. For example, it is known that for 

Au nanorods, the aspect ratio is a crucial factor determining the optical properties.
174

 

Recently, it became possible to investigate the morphology of such nanorods in even more 

detail. For example, by atomic resolution tomography the types of crystallographic facets at 

the surface could be revealed.
46

 It is therefore clear that electron tomography is a valuable 

tool to reveal the morphology of nanomaterials. In addition to the morphology, also the 

presence of defects should be investigated in 3D, since their influence is just as essential. 

Although different reports have been dedicated to the 3D investigation of defects in 

nanomaterials by using TEM,
175,176,177,178,179

 it was only recently that a similar investigation 

was performed in the case of nanoparticles.
45

 In the latter study, a 3D network of dislocations 

in a multiply twinned Pt nanoparticle was revealed by applying 3D Fourier filtering together 

with equal-slope tomographic reconstruction. Furthermore, a three-dimensional visualization 

of twin domains in relatively large (250 nm) Au nanoparticles was recently performed using a 

different characterization technique, the so-called Bragg Coherent X-ray Diffractive 

Imaging.
180

 

One of the bottlenecks for 3D visualization of defects is that for 3D reconstructions 

with a resolution in the nanometre scale, the projection requirement needs to be fulfilled. In 

most studies, HAADF-STEM is therefore used. In this manner, coherent scattering is 

removed, but at the same time, the diffraction contrast, which typically yields information on 

the presence of defects, is also lost. Here, we overcome this problem by using middle angle 

ADF-STEM (MAADF-STEM). The collection angle of the STEM detector is hereby 

optimized in such a manner that information about the shape of the particle as well as the 

presence of defects can be obtained simultaneously. In addition, it will be demonstrated that 

3D reconstructions at the atomic scale can be used in order to investigate atomic scale 

defects. The methodology will be applied to Au nanostructures, synthesized in the group of 

Prof. Luis M. Liz-Marzán, CIC Biomagune, San Sebastian, Spain. 

The Au nanostructures investigated in this chapter are obtained by so-called 

overgrowth of pre-grown Au nanorods. Overgrowth is an approach to provide even more 
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flexibility when creating anisotropic Au nanostructures. In this manner, the aspect ratio of the 

nanorods can be tuned, or even more interestingly, the overall morphology can be changed to 

dumbbell like structures or even spiky dumbbells. Such morphological changes result in 

nanostructures where their longitudinal surface plasmon (LSP) band position is located in the 

near-IR, a property which is of great interest for medical applications.
181

 More information on 

the synthesis conditions can be found in the works of Grzelczak et al. and Novikov et al.
182,183 

 

4.2    Characterization results 

4.2.1 Original  nanorods 

 

A high resolution 2D HAADF-STEM image as well as a visualization of the 3D 

morphology of one of the original Au nanorods used as seeds, is provided in Figure 4.1. 

Tomography series were acquired on a double aberration-corrected cubed FEI Titan 50-80 

electron microscope operated at 300 kV. The series were acquired manually within a tilt 

range from -70
o
 to +70

o
 and a tilt increment of 5

o
 by using a Fischione model 2020 single-tilt 

tomography holder. The alignment of the series was performed using cross correlation and 

the reconstruction using the SIRT algorithm. 

 

 

Figure 4.1: a) High resolution HAADF-STEM image of a particle from the sample with the 

original Au rods, where no twinning is present. b) 3D visualization of the morphology of the 

particle as revealed by electron tomography. 

 

From the 2D image, the nanorod appears defect free. In order to obtain better insight 

on the surface morphology, a 3D reconstruction at the atomic scale was performed. Hereby, 4 

high resolution images were acquired along different zone axes ([100], [110], [010] and [-

110]) and were used as an input for a recently proposed reconstruction algorithm based on 

compressive sensing.
46

 The advantages of the technique were already discussed in Chapter 2, 
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for reconstructions with nanoscale resolution. At the atomic scale, the sparsity of the object 

can be exploited, since only a limited number of voxels contain an atom and most of the 

voxels correspond to vacuum. However, it should be mentioned that no further assumptions 

are made concerning the positions of the atoms. A main advantage of the technique is that 

due to the utilized prior knowledge, only a limited number of projections is sufficient in order 

to obtain reliable atomic-scale reconstructions.  

A 3D visualization, as well as three orthogonal slices through the reconstruction are 

presented in Figure 4.2. From this reconstruction, we can conclude that the surface facets are 

alternating {100} and {110} planes. Also the crystallographic planes at the tip of the nanorod 

were investigated and were determined as {111} and {110} planes. A model of a nanorod, 

oriented along different viewing directions is given in Figures 4.2c-e, where the observed 

facets are highlighted. Although it was previously proposed that the tip of Au nanorods 

would be composed of {111} and {110} planes,
184

 we here provide, for the first time, a direct 

proof. 

 

 

Figure 4.2: a) Three orthogonal slices through the reconstruction of a nanorod from the 

sample with the original rods, showing individual atom positions. It is clear that {110} and 
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{100} side facets compose the morphology of the rod. Furthermore, the tip is composed by 

{110} and {111} facets, where here in this viewing direction, only the later can be seen. b) 

Volume rendering of the reconstructed nanorod. c-e) Model of a rod at different viewing 

directions, where the facets can be revealed.  

 

4.2.2 Overgrowth in the presence of KI  

 

Next, the pre-grown Au nanorods, presented above were used as an input for 

overgrowth in the presence of both low and high amounts of potassium iodide (KI). It has 

been reported that depending on the amount of KI present in the growth solution, particles 

with either dumbbell or rod-like shapes can be obtained, where twin defects are also present 

at the tips.
182

 One of our aims here was to investigate the influence of iodide ions, or more 

precise insoluble AgI, on the shape of the final particles, as well as on the presence of 

twinning. Additionally, the [Au
+3

]/[Au] molar ratio was varying for the different samples. 

This molar ratio determines the total volume increase, since thicker particles are obtained 

using a higher molar ratio. In Figures 4.3 (high amount of KI) and 4.4 (low amount of KI), 

overview images of the samples are presented and the molar ratios are provided as an inset. 
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Figure 4.3: a-e) HAADF-STEM images, 3D representation of the reconstructed volumes, as 

well as high resolution STEM images from the tips, for rods of the samples overgrown in the 

presence of high amounts of KI and having a [Au
+3

]/[Au] molar ratio of 0.2, 0.7, 1.7, 3.3 and 

5.0 respectively.  
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Figure 4.4: a, b and c) HAADF-STEM images, 3D representation of the reconstructed 

volumes, as well as high resolution STEM images from the tips, for rods of the samples 

overgrown in the presence of low amounts of KI having a [Au
+3

]/[Au] molar ratio of 0.2, 0.3 

and 0.7 respectively. 

 

It can be seen that the samples overgrown in the presence of a low amount of KI 

(Figure 4.4) appear with a dumbbell-like shape, whereas those overgrown in the presence of a 

higher amount of KI (Figure 4.3) maintain a rod-like shape. By increasing the [Au
+3

]/[Au] 

molar ratio, the thickness of the particles increases, but at the same time the characteristic 

shape is maintained in both cases. This result is in agreement with the work of Grzelczak et 

al.,
182

 where it was postulated that the dominating parameter defining the final shape is the 

amount of iodide related to the number of seed nanorods, which was proposed to be 

adsorbing preferentially onto {111} facets, as compared to {110} and {100}. In this manner, 

low amounts of iodide would inhibit growth at the lateral sides and the very tip ends, while 

growth would take place at the rounding part of the tips. This process yields final particles 

with a dumbbell shape. Using the information presented in Figure 4.2, this growth model can 

now be confirmed since indeed, {111} facets were observed at the tips of the rod, whereas 

the side facets of the rods only contain {110} and {100} type planes. When the amount of 

iodide is increased, adsorption must necessarily become more homogeneous and thereby 

growth takes place progressively closer to homogeneous growth. 
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4.2.3 Twinning in nanorods and nanodumbbells 

 

A more careful inspection of the tips of the particles reveals the presence of atomic 

defects. Although different reports have discussed the origin of twin boundaries in Au 

nanorods,
185,186

 no consensus was reached. The formation mechanism of twinning in Au 

nanoparticles has been investigated by many groups and different explanations and models 

have been proposed.  In the work of Wu et al.,
187

 a model for the growth of twinning on Au 

nanowires was proposed, where the influence of twin boundary energy and surface energy on 

nanowire growth kinetics were considered. In a recent paper,
185

 the role of Ag
+
 during the 

synthesis of Au rods was investigated. For low AgNO3 concentrations (equal to 12.7 μM) it 

was suggested that Ag
+
 passivates selectively higher-index facets, whereas by increasing the 

concentration to 63.4 μM, additional Ag
+
 passivates lower-index {111} facets as well, 

reducing in this way the driving force for single crystal structures. Moreover, twin boundaries 

along {111} planes were also observed at the tips of the rods in intermediate growth steps, 

similar to our observations. In this case, the authors suggested that the {111} surface facets 

are the preferred site for Au atom deposition and that continued growth on the bridging {111} 

facets, would explain the formation of dumbbell like morphologies that we also observe in 

our case. 

One of the hypotheses for the rods overgrown in the presence of KI is that the I
-
 ad-

layer yields a large mismatch with the (111) lattice plane, which according to our results is 

located at the tip of the rod. Therefore, interfacial strain could be present, which might induce 

the formation of these twin boundaries.
188

 In order to investigate this possibility, we will 

investigate the 3D configuration and distribution of twin boundaries in the Au nanorods. 

Furthermore, we will investigate the strain distribution at the tips of the rod using atomic 

resolution electron tomography and geometrical phase analysis (GPA).
189

 

Although the 2D images in Figures 4.3 and 4.4 enable us to draw some first 

conclusions concerning the presence of twin defects at the tips, no information concerning 

their 3D distribution in the particle can be obtained. In addition, some twin boundaries are 

located perpendicular to the viewing direction and are therefore not visible in a single 2D 

projection. Therefore, the use of electron tomography is mandatory. Unfortunately, when 

using HAADF-STEM imaging for the acquisition of a tilt series, the contribution of coherent 

electrons in the image formation is negligible and consequently, information about the 

presence of defects is lost. To overcome this limitation, we propose the use of MAADF-

STEM, a technique which has been used in the past to characterize a network of dislocations 
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in 3D.
179

 When using this imaging mode, the camera length is tuned in such a manner that 

both incoherent, as well as coherent electrons contribute to the image formation. 

Consequently, the 3D reconstruction will contain information for both the particle 

morphology as well as the presence of defects. In Figure 4.5, a comparison between a 

HAADF-STEM image and a MAADF-STEM image is provided. It is clear that the MAADF-

STEM image yields information concerning the twin boundaries, whereas they cannot be 

observed in the HAADF-STEM image. 

 

 

Figure 4.5: a) HAADF-STEM and b) MAADF-STEM image of a dumbbell, acquired along 

the same viewing direction. In the HAADF-STEM image where mostly incoherent electrons 

contribute in the image formation mechanism, defects cannot be visualized, whereas in the 

MAADF-STEM image where the contribution of both coherent and incoherent electrons is 

present, defects can be clearly observed at the tips, indicated by the white arrows. The inner 

semi-collection angle of the ADF detector for HAADF-STEM imaging and MAADF-STEM 

imaging was 65 mrad and 25 mrad respectively. 

 

By combining MAADF-STEM with electron tomography, we were able to 

successfully visualize the arrangement of twin defects in the particles, for the samples 

synthesized using different molar ratios and the results are presented in Figure 4.6. 

Tomography series from particles of all samples were acquired on a double aberration-

corrected cubed FEI Titan 50-80 electron microscope operated at 300 kV. The series were 

acquired manually within a tilt range from -75
o
 to +75

o
 and a tilt increment of 5

o
 by using a 
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Fischione model 2020 single-tilt tomography holder. The alignment of the series was 

performed using cross correlation and the reconstruction using the SIRT algorithm. 

As presented in Figure 4.6, twining is present in all samples (except for the original 

rods) at either both or only one of the tips. By rotating the reconstructed volumes over 90
o
 

along the rod’s long axis, additional twins are sometimes observed. This is for example the 

case for the particles in Figures 4.6e and 4.6h and is further presented in Figure 4.7. Such 

observations could not be performed by inspecting the 2D projection images in Figures 4.3d 

and 4.4.b only. 

 

 

Figure 4.6: a) 3D representation of the reconstructed volume of a particle from the sample 

with the original rods, obtained by using MAADF-STEM tomography. It can be clearly 

observed that no contrast difference originating from the presence of twinning is present in 

the volume. b-f) 3D representations of the reconstructed volumes of particles  overgrown in 

the presence of high amounts of KI, having a [Au
+3

]/[Au] molar ratio of 0.2, 0.7, 1.7, 3.3 and 

5.0 respectively, where MAADF-STEM tomography was applied. g-i) 3D representations of 

the reconstructed volumes of particles overgrown in the presence of low amounts of KI, 

having a [Au
+3

]/[Au] molar ratio of 0.2, 0.3 and 0.7 respectively, where MAADF-STEM 

tomography was applied. 
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Figure 4.7: a) 3D representation of the reconstructed volumes of a particle overgrown in the 

presence of high amounts of KI, having a [Au
+3

]/[Au] molar ratio of  3.3. b) The same 

reconstructed particle rotated 90
o
 along the rod’s long axis. c) 3D representation of the 

reconstructed volume of a particle overgrown in the presence of low amounts of KI, having a 

[Au
+3

]/[Au] molar ratio of 0.3. d) The same reconstructed particle rotated 90
o
 along the 

rod’s long axis. Twins are observed also in the vertical orientations in b and d, indicated by 

the white arrows. 

 

One may wonder if the twin boundaries correspond to the original {111} planes that 

were found to be present at the tips of the original rods. Therefore, the 3D reconstruction of 

the rod presented in Figure 4.6h was selected in which twin boundaries are present at three 

different parts at the tips. In Figure 4.8, it can be seen that when omitting the outer parts of 

the dumbbell, a 3D structure is obtained that is not in good agreement with the morphology 

of the original rods, (see Figure 4.2). This is a first indication that the formation of the twin 

boundaries is not driven by the presence of the KI layer as suggested in the work of Rai et. 

al.
188
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Figure 4.8: a) 3D representation of the reconstructed volume of the dumbbell presented in 

Figures 4.7c and d along different viewing directions, where the outer parts of the dumbbell 

are removed. 

 

Next, the strain distribution surrounding the twin boundary was investigated. 

Measuring strain fields in nanoparticles using TEM has been the topic of several studies 

during recent years.
190,189,191,192,193

 However, most of them are based on single 2D projection 

images possibly leading to an incomplete characterization. Although atomic resolution 

electron tomography has become available over the last few years, none of the approaches so 

far enables a straightforward investigation of the lattice strain at the atomic scale. Here, we 

investigated the strain field in the Au nanorods by using electron tomography results at the 

atomic scale.
46

 Next, using slices through the reconstruction, the different components of the 

strain fields can be measured in 3D using GPA, as proposed by Hytch and coworkers.
189

 

A Au nanorod, overgrown in the presence of high amounts of iodide and having a 

[Au
+3

]/[Au] molar ratio of 0.7 was investigated. In Figure 4.9, HAADF-STEM images 

acquired along a <110> zone axis are presented for both tips of the same rod. It is clear that 

one of the tips contains a twin boundary, whereas at the other tip no twin boundary can be 

observed. Three high resolution images were acquired from both tips along different zone 

axes ([100], [110] and [010]) using an aberration-corrected cubed FEI Titan 60-300 electron 

microscope operated at 300 kV and a Fischione model 2040 tilt-rotation tomography holder. 

The alignment of the series was performed manually and used as an input for a reconstruction 

algorithm, based on SIRT but in which an additional penalty parameter λ is introduced 

leading to a simultaneous minimization of the projection error and the L1-norm of the object 

(i.e. the sum of the absolute values of all the voxels in the reconstructed object): 
46

 

                                            �̂� = arg min𝑥[‖𝐴𝑥 − 𝑏‖2
2 + 𝜆‖𝑥‖1]                                     (4.1) 

3D visualizations of the result for both tips are presented in Figures 4.10 and 4.11. 
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Figure 4.9: a) HAADF-STEM image of a Au rod overgrown in the presence of high amounts 

of KI, having a [Au
+3

]/[Au] molar ratio of 0.7. b and c) High resolution HAADF-STEM 

projections of both tips of the rod. At the right tip, a twin is present, which is indicated by the 

red line. 

 

From the 3D reconstruction we were able to perform a strain analysis on both tips. 

The results are displayed in Figures 4.10e and 4.11e. Slices through the εzz component of the 

strain field are visualized showing an outward relaxation that is present on both sides of the 

nanorod. This indicates that the presence of a twin boundary has no significant impact on the 

final strain fields inside the nanoparticle. It should be noted that the strain analysis at the left 

of the twin boundary in Figure 4.11e cannot be interpreted in a straightforward manner since 

the lattice periodicity measured along the z direction is different in comparison to the 

reference lattice at the right of the boundary. However, when inspecting the strain at the right 
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of the boundary, it is clear that no difference in comparison to the tip at the other side of the 

rod is observed. The lattice expansion at the tip of the nanorod is furthermore in agreement 

with previous work where the same methodology is applied on a single crystal Au nanorod.
46

 

It is therefore unlikely that KI has an influence on the strain field in the overgrown rods. 

 

 

Figure 4.10: a, b and c) 3D visualizations of the reconstructed tip of the left part of the rod, 

along different viewing directions, where no defect is present. d) Orthoslice through the 3D 

volume, used for strain analysis. e) The εzz component of the strain field around the tip is 

presented, showing an outwards relaxation of the atomic lattice. 
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Figure 4.11: a, b and c) 3D visualizations of the reconstructed tip of the right part of the rod, 

along different viewing directions, where a twin defect is present. d) Orthoslice through the 

3D volume, used for strain analysis. e) The εzz component of the strain field around the tip is 

presented, showing an outwards relaxation of the atomic lattice. 

 

4.2.4 Spiky overgrowth  

 

A different system composed by Au nanorods with multiple spikes protruding from 

each end was also investigated.
183

 The synthesis approach of such structures is based on the 

seeded growth method, by chemical reduction of a Au salt on preformed Au NRs.
194

 2D 

HAADF-STEM projection images of the samples together with 3D visualizations of the 

reconstructed volumes are presented in Figure 4.12. Electron tomography series were 

acquired on an aberration-corrected cubed FEI Titan 50-80 electron microscope operated at 

300 kV. The series were acquired manually within a tilt range from -74
o
 to +74

o
 and a tilt 

increment of 2
o
 by using a Fischione model 2020 single-tilt tomography holder. The 

alignment of the series was performed using cross-correlation and the reconstruction using 

the SIRT algorithm. 
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Figure 4.12: a and b) HAADF-STEM images of two different Au spiky dumbbells. c and d) 

3D visualizations of the reconstructed volumes of the particles shown in a and b respectively. 

 

 The combination of 2 different types of morphology (nanorods and spikes) within one 

nanostructure can provide an unconventional optical response, with even wider applicability 

compared to the previous studied structures. Likewise in the previous cases where nanorods 

and nanodumbbells were investigated, twin defects are also present at the tips, which can be 

seen by inspecting carefully the high resolution HAADF-STEM images, Figure 4.13, and 

were further validated by the use of MAADF-STEM tomography, Figure 4.14. For these 

structures, one can clearly observe that more twins are present at the spikes, which are grown 

at the tips. This observation could be potentially attributed to the faster growth procedure 

which takes place in the latter case, compared to the previous examined ones. 
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Figure 4.13: a) HAADF-STEM image of a Au spiky nanodumbbell. b and c ) High resolution 

HAADF-STEM images acquired from the tips of the particle. Multiple twin defects are 

present at different directions at both tips of the dumbbell, indicated by white arrows. 
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Figure 4.14: a) MAADF-STEM image of a spiky dumbbell. b and c) 3D representations of the 

reconstructed volume of the particle, where the defects are indicated by the white arrows. 

 

4.3    Conclusions 

 

In this chapter the role of KI during overgrowth of Au nanorods was studied. A 3D 

high resolution analysis of the facets at the tip of the nanorod showed that the morphology is 

bounded by {111} and {110} facets. This is in agreement with previous hypotheses that were 

made on the role of KI during the growth of Au nanodumbbells. The KI preferentially bounds 

to the {111} facets which were found only at the tips of the rods and which is the underlying 

reason for the growth of the dumbbell structure. 

Furthermore, the presence of twin boundaries at the tips of the overgrown samples 

was investigated. We hereby used a combination of MAADF-STEM and tomography to 

obtain 3D information on the distribution of the twin boundaries. In this manner, we could 

reveal the presence of additional twins which could not be observed from 2D images only. 

Finally, we used high resolution electron tomography to investigate the strain field. Our 

experiments indicate that it is unlikely that the KI has an influence on the strain field in the 

overgrown rods. 
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5.1    Introduction 
 

In the previous chapter, electron tomography was used to obtain both qualitative and 

quantitative information for cases where monometallic Au nanoparticles were investigated. 

However, there is an increasing tendency for the synthesis of nanoparticles where several 

materials are combined in the same entity, due to the improved properties and functionalities 

they present. In order to be able someone to unravel the structure-to-properties relationship 

for such systems, information concerning the distribution of the elements in 3D as well as the 

shape of the different domains in the structure is required. Such information can be obtained 

by combining HAADF-STEM, EDX or EELS with tomography. 

 

5.2    Structural characterization of core-shell heterostructures 

 

 A common example of heterostructures consists of Au @ Ag core-shell nanoparticles. 

The optical properties of such systems are currently of considerable interest due to their 

tunable light absorption, scattering and local field enhancement in the UV-visible 

region.
195,196

 An important aspect is the flexibility to obtain structures with different shapes, a 

result which is strongly related to the crystalline structure of the initial seed, as well as the 

presence of ligands and other additives which help to stabilize certain crystallographic facets. 

Here, two such systems were investigated using high resolution HAADF-STEM 

imaging and electron tomography.
33

 Electron tomography series from particles of both 

samples were acquired on a double aberration-corrected cubed FEI Titan 50-80 electron 

microscope operated at 300 kV. The series were acquired manually within a tilt range from -

74
o
 to +74

o
 and a tilt increment of 2

o
 by using a Fischione model 2020 single-tilt tomography 

holder. The alignment of the series was performed using cross-correlation and the 

reconstruction using the TVM algorithm, in order to decrease the missing wedge artefacts and 

obtain better results for the facets of the structures. 

The objective of this work was to enlighten the crystallographic growth of Ag on Au 

and to determine the shape of both the core and the shell parts of the structure. In the first 

case, by starting with Au octahedral shaped particles acting as seeds and by growing Ag, 

core-shell Au octahedrons @ Ag cubes structures could be obtained, as illustrated in Figures 

5.1a and d. 
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Figure 5.1: Upper panels: (a) High-resolution HAADF-STEM image of an Au octahedron @ 

Ag cube particle. b) The corresponding FFT of the image in a, showing that the outer facets 

of the cube are {100} planes. The absence of splitting on the diffraction spots reveals 

epitaxial growth of silver on gold. c) Visualization of the 3D reconstruction of the particle 

shown along the same direction as presented in a. Lower panels: d) High-resolution HAADF-

STEM image of the particle in a, rotated over 45° along the [001] zone axis. e) The 

corresponding FFT of the image in d, showing that the facets of the octahedron are {111} 

planes. f) Visualization of the 3D reconstruction of the particle shown along the same 

direction, as presented in d. The arrangement of the Au octahedron inside the silver cube is 

confirmed from these experiments. 

 

 High resolution HAADF-STEM imaging was used to investigate the core−shell 

interfaces and crystalline structure, as shown in Figure 5.1a. Since the signal in HAADF-

STEM mode depends on the atomic number of the elements, it is obvious that the brighter 

inner region corresponds to the Au octahedron and the darker outer area corresponds to the 

Ag shell. The corresponding fast Fourier transform (FFT) of the image, presented in Figure 

5.1b, reveals the absence of splitting in the diffraction spots, thereby confirming that silver 

has grown epitaxially on the gold surface. Electron tomography was used to obtain a three-
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dimensional visualization of the particles and the results are presented in Figure 5.1c. This 

Figure shows that the gold octahedron is surrounded by a silver cube and the six vertices of 

the inner octahedron are pointing at the six faces of the outer cube. Furthermore, by analysing 

the FFT of the particle along the [100] zone axis (Figure 5.1b) it is possible to confirm that 

the six faces of the silver cube are of the {100} type, as expected. Rotating the same particle 

45° along the [001] axis, Figures 5.1d−f, enabled to also index the facets of the inner gold 

octahedron and the results are presented in Figure 5.2. The FFT of the high resolution STEM 

image shows that the octahedron is enclosed by {111} facets. 

 

 

Figure 5.2: Indexing of the Au octahedral core, showing the 111 facets. 

 

A second sample corresponds to a core-shell Au @ Ag pentatwinned structure. In 

Figure 5.3a, an overview HAADF-STEM image of Au @ Ag pentatwinned nanorods is 

given. The inset in this Figure presents the projection of a standing Au @ Ag nanorod, where 

one can distinguish an inner and brighter pentagon, which reflects the pentagonal cross 

section of the Au nanorod core. Additionally, a darker, concentric pentagonal corona can be 

also observed that corresponds to the silver shell. The validity of the results concerning the 

shape of the core-shell structure was verified by electron tomography experiments and the 

results are presented in Figure 5.4. The contrast between Au and Ag allows us to see that, in 
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this case, the deposition of Ag atoms preferentially occurs at the tips of the nanorods, thus 

increasing their aspect ratio, while the initial gold particle remains at the center of the 

resulting Au @ Ag nanorod. Evidence of epitaxial growth was provided by the absence of 

splitting in the spots of the FFT patterns of two selected areas located at opposite sides of a 

core−shell nanorod, presented in Figure 5.3b. The FFT patterns shown in Figures 5.3d,e also 

indicate that these pentatwinned Au @ Ag nanorods are oriented in both the ⟨110⟩ and ⟨111⟩ 

zone axes, and therefore only at the right side is actually the {100} facet parallel to the 

electron beam. This is illustrated by the model shown in Figure 5.3c. Thus, Ag deposition 

seems to involve growth on the {111} tip facets and thus stabilization of the {100} lateral 

facets. 

The information that is obtained by electron tomography can be used to understand 

the growth of these heterostructures. Our results demonstrate that {100} facets are preferred 

for the outer silver shell, regardless of the morphology and crystallinity of the gold cores. 

This is not in full agreement with the general sequence of surface energies for the different 

crystallographic fcc planes. However, the surface energies of the different facets can be 

significantly affected by the adsorption of different chemical species such as halide ions, used 

during the synthesis as confirmed by DFT calculations of surface energy.
33
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Figure 5.3: a) Representative HAADF-STEM image of Au @ Ag core−shell pentawinned 

nanorods. The inset shows an HAADF-STEM image of a standing Au @ Ag nanorod. b) 

High-Resolution HAADF-STEM projection of a Au @ Ag pentatwinned nanorod showing the 

crystalline structure of the nanorod. d,e) FFTs of the regions indicated in b, which indicate 

that the left side corresponds to a ⟨111⟩ zone axis, whereas the right side corresponds to a 

⟨110⟩ zone axis. These FFT patterns are consistent with a pentagonal cross section of the 

nanorod as shown in c. 
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Figure 5.4: a) HAADF-STEM image of a rod which was used for the acquisition of electron 

tomography series, b, c and d) 3D representation of the reconstructed volume of the same 

nanorod, revealing its morphology. We can clearly see that the rod is pentatwinned and this 

is also more prevalent by looking at the orthoslice through the volume at Figure e. 

 

5.3    Structural characterization of Fe-Co asymmetric heterostructures 

 

It is clear that HAADF-STEM tomography is a very useful technique when 

investigating heterostructures composed of elements that yield a large difference in atomic 

number. However, for heterostructures consisting of elements with very similar atomic 

number, the HAADF-STEM contrast does not enable us to investigate the distribution of the 

different elements in 3D. As an alternative EDX tomography can be used. Here, we used 3D 

EDX to investigate asymmetric heterostructures containing Fe (Z = 26) and Co (Z = 27).
36
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These samples are of great interest since the magnetic properties of Co nanorods 

could be potentially modulated by combining them with another magnetic material. For 

instance, under certain conditions the addition of a high saturation magnetization material 

such as Fe on Co nanorods could potentially enable low-cost permanent magnets compared to 

rare earth based counterparts.
197,198

 In parallel and independently of the magnetic properties, 

Co−Fe bimetallic nanocrystals could also yield interesting model catalysts for industrially 

important reactions such as the low temperature Fischer−Tropsch synthesis.
199

 

In Figure 5.5, conventional TEM images of washed nanocrystals obtained using four 

different Fe/Co ratios are presented. For a Fe/Co = 1 ratio, the majority of the nanocrystals 

appears identical to the starting bare nanorods. However, some of them present a 

modification at one or both their ends, as shown in Figure 5.5a. The nano-objects consist of a 

nanorod and a section that presents a triangular or square-shaped projection as evidenced by 

the TEM images. Figure 5.5 shows that an increase of the Fe/Co ratio to 2 results in the 

development of nanostructures on both tips, for the majority of the nanorods. In Figure 5.5c, 

it can be observed that further increase of the Fe/Co ratio improves the faceting of the cubic-

like extremities and increases their mean size. When the Fe/Co ratio increased to 6, apart 

from a further increase of the cubic domain dimensions, also irregularities of the rod diameter 

can be observed as illustrated in Figure 5.5d. However, when the Fe/Co ratio is increased to 

12, Fe overgrowth is so extended that the nanorods are barely visible. 
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Figure 5.5: Dumbbells obtained by reaction of different volumes of the iron growth solution 

to a fixed amount of Co nanorods. (a) Fe/Co = 1. (b) Fe/Co = 2. (c) Fe/Co = 4. (d) Fe/Co = 

6. (Scale bar = 100 nm). 

 

From the TEM measurements in Figure 5.5, we note that the mean length of the 

apparent nanorod area is shorter than the initial Co seed, indicating either that part of the rod 

is consumed during Fe growth or that part of the rod is covered by Fe. The rod diameter for 

Fe/Co = 2 and 4 seems to be slightly larger than the bare nanorod diameter, suggesting a 

deposition of Fe on the surface of the nanorod. Since the observations in Figure 5.5 only 

correspond to a 2D projection, HAADF-STEM tomography was applied and the results are 

presented in Figure 5.6. 
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Figure 5.6: a) HAADF-STEM image of a single Fe-Co dumbbell heterostructure used for the 

acquisition of the tomography series and b, c and d) 3D representation of the reconstructed 

volume along different viewing directions. We can clearly observe that cubes are attached on 

both nanorod tips. 

 

The acquisition of the series was performed manually using an aberration-corrected 

cubed FEI-Titan 60-300 electron microscope operated at 200 kV. The series were acquired 

over a tilt range from -72
o
 to +72

o
 and an increment of 2

o
 using a Fischione model 2020 

single tilt tomography holder. The alignment of the series was performed using cross-

correlation and the reconstruction using the SIRT algorithm as implemented in Inspect 3D. 

From the results we can clearly observe that the Fe domains present a cubic morphology and 

both cubes have a diameter close to 20 nm and present a well-defined and regular shape. 

Although the shape of the heterostructure could be successfully identified by HAADF-STEM 

tomography, the distribution of the elements could not be revealed. The reason is due to the 

fact that Fe and Co only have a difference in atomic number equal to 1 and consequently, the 

contrast in the projection images is too small to distinguish between both type of elements. In 

order to overcome this limitation, EDX measurements were performed in both 2D and 3D 

and the results are presented in Figure 5.7. 
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The acquisition of EDX measurements in both 2D and 3D were performed using an 

aberration-corrected cubed FEI-Titan 60-300 electron microscope operated at 200 kV, 

equipped with a ChemiSTEM system.
88

 For the acquisition of EDX tomography series, 

elemental maps were acquired manually every 10
o
, using a tilt range from -70

o
 to +60

o
 and a 

120 pA probe current in order to minimize the beam damage. For every map, 4 minutes of 

acquisition were used and for the acquisition and quantification of the maps, the ESPRIT 

software was used. Series were created for each element using the quantified maps and the 

alignment of the series was performed using the Inspect 3D software and the reconstruction 

using the SIRT algorithm, as implemented in the same software.  

 

 

Figure 5.7: a, b and c) 2D EDX maps of a group of dumbbells, revealing the distribution of 

the elements. An O layer is always apparent, and its presence is due to the short exposition of 

the sample to the air (Fe: green, Co: Blue, O: Red). d) 3D representation of the 

reconstructed volume of the particle shown in Figure 5.6a using EDX tomography, revealing 

the distribution of the elements. Fe is presented using a transparent visualization in order for 

the distribution of Fe (green) on the Co rods (blue) to be obvious. We clearly see the 

segregation between Fe and Co and the fact that the Co nanorod is encompassed by the Fe 

cubes. 

 

 From the EDX measurements two separate domains for Co and Fe can be clearly 

identified. In addition, it was observed that a limited amount of Fe has been deposited on the 
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Co rod close to one of the Fe cubes. The presence of a small amount of Fe on the nanorod has 

also been detected by EELS measurements and the results are presented in Figure 5.8. 

 

 

Figure 5.8: EELS spectra corresponding to the regions 1-5. Both Fe-L (708 eV) and Co-L 

(779 eV) peaks are present in areas 1-4. Traces of Fe are found on the Co nanorod section. 

Co is absent only in the region 5 that corresponds to the extremity of the cube domain. 

 

From the EELS measurements it can be clearly observed that traces of Fe are present 

even closer to the middle of the Co nanorod (areas 2 and 3 in Figure 5.8). It is furthermore 

clear that Co is absent in area 5 which corresponds to the extremity of the cube domain. In 

order to investigate a possible epitaxial relation between Fe and Co, high resolution HAADF-

STEM measurements were performed and the results are shown in Figure 5.9.  
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Figure 5.9: a and b) High resolution HAADF-STEM images of the same Fe-Co 

heterostructure together with the FFTs shown as inset for both the Fe (a) and Co (b) parts. A 

shell layer can also be discerned on the surface of both the Fe and Co domains and is 

composed of oxide due to the exposition of the TEM grid to the air. 

 

 From the FFT patterns presented as insets in Figure 5.9, the epitaxial relationship 

between Fe and Co can be obtained and the results of the mismatch between the two lattices 

in three different crystallographic directions are listed in table 5.1. 

 

Table 5.1: Mismatch between the two lattices in three directions 

Epitaxial Relationship reference : Co
a
 reference : Fe

b
 

Co (0001) // Fe (110) -0.4% 0.4% 

Co (01-10) // Fe (1-10) -6.59% 7.05% 

Co (2-1-10) // Fe (002) 14.3% -12.56% 

a: dFe xyz-dCo abcd/ dCo abcd, b: dCo abcd – dFe xyz / dFe xyz 

 

 As expected, the growth axis of Co corresponds to the [0001] direction.
200,201

 The 

zone axis of the Co part corresponds to [2-1-10]. The surfaces enclosing the rod are formed 

by (01-10) planes (planes parallel to the rod axis). The Fe domains adopt a classical bcc 

structure and are single crystalline. The zone axis for the Fe part corresponds to [001]. The 

shape of the Fe nanostructures confirms the one observed by electron tomography and can be 

well described as a truncated parallelepiped presenting mainly the {100} planes as surfaces 

with truncated edges exhibiting {110} facets. Considering the 4-fold symmetry of the Fe part, 
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we can establish that {111} planes appear at the corners. On the basis of these results, a 3D 

model for the nanostructures is proposed in Figure 5.10. 

 

 

Figure 5.10: 3D model of the dumbbell taking into account the high resolution HAADF-

STEM analysis: Fe (grey) and Co (blue). Note the facets of the Fe domains showing mainly 

{100} planes. 

 

Using the FFT patterns extracted from the high resolution HAADF-STEM 

observations we were able to establish different epitaxial relationships between the two 

domains: (i) Co [2−1−10] (0001) // Fe [001] (110) (planes perpendicular to the rod axis), (ii) 

Co [2−1−10] (01−10) // Fe [001] (1−10) (planes parallel to the axis of the rods and to the 

zone axis of the FFT), (iii) Co [0001] (2−1−10) // Fe [110] (001) (planes parallel to the axis 

of the rods and perpendicular to the zone axis of the FFT). Co [uvtw] (hkil) // Fe [u′v′w′

] (h′k′l′) means that the Co (hkil) plane is parallel to the Fe (h′k′l′) plane and that 

for these planes the Co [uvtw] direction is parallel to the Fe [u′v′w′] direction. 

 

5.4    Conclusions 

 

In this chapter, electron tomography was used to investigate the chemical composition 

of heteronanostructures in 3D. For nanosystems containing elements with a large difference 

in atomic number Z, HAADF-STEM is a suitable technique to acquire the tilt series. This 
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approach was therefore used to investigate Au @ Ag nanostructures. In this manner, it could 

be observed that {100} facets are preferred for the outer silver shell, regardless of the 

morphology of the gold cores. Also Fe-Co hybrid systems were investigated. Here, 

tomography was combined with HAADF-STEM and EDX. Indeed, because of the small 

difference in atomic number Z, HAADF-STEM tomography only yields information 

concerning the sample morphology. To investigate the 3D elemental distribution, EDX 

tomography was required. It was shown that bare cobalt nanorods can serve as seeds for the 

overgrowth of Fe nanostructures. The epitaxial seeded overgrowth has given rise to hybrids 

exposing well-defined structural characteristics (facets exposed, shape, and size). From the 

different stages of growth, it is deduced that the growth of Fe starts from the tips, continues 

on the lateral facets along the Co nanorod long axis forming triangular prisms, and is 

completed by the formation of a complete cube surrounding the whole nanorod perimeter. It 

seems that Co etching from the rod tips is operational during Fe growth whereas a small 

amount of non-crystallized Fe can be found deposited on the Co domains. 
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6.1    Introduction 

 

As discussed in Chapter 1, both 2D and 3D self-assembly of nanoparticles has 

recently received increasing interest,
54,202,203,204,51

 since it is an attractive route towards 

systems in which the properties can be tuned through parameters such as the size of the 

individual particles and the nature of their 3-dimensional (3D) stacking. However, in order to 

understand the structure-to-property relationship, a thorough characterization of the 

nanoparticle organization by electron tomography in HAADF-STEM mode is of crucial 

importance. In this chapter, the results of the characterization of 2D and 3D assemblies of 

spherical nanoparticles will be presented. 

 

6.2    Structural characterization of 2D nanoparticle assemblies 

 

Oriented attachment of synthetic semiconductor nanocrystals is emerging as a route 

for obtaining new semiconductors that can have Dirac-type electronic bands such as 

graphene, but also strong spin-orbit coupling. In oriented attachment, which has been shown 

to reveal remarkable effects on directing and mediating the self-assembly of nanocrystals,
205

 

a single nanocrystal (NC) is formed from two adjacent NCs through atomically matched bond 

formation between two specific facets. Controlled oriented attachment is currently emerging 

as a route to form extended one- and two-dimensional single crystalline semiconductors of II-

VI and IV-VI compounds.
206,207,208,209,210

 These superlattices are of interest in optoelectronics. 

Truncated nanocubes of the Pb- chalcogenide family have been recently used to create two-

dimensional (2D) atomically coherent ultrathin quantum wells
209

 as well as superlattices with 

square or honeycomb geometries.
210

 The formation of such systems is remarkable, given that 

several demanding conditions must be fulfilled. The NC building blocks must be nearly 

monodisperse in size and shape, and attachment should only occur with a geometrically 

defined subset of NC facets. The long-range atomic and nanoscale order in such systems is 

far from understood. For extended, atomically coherent PbSe superlattices with honeycomb 

geometry, immediate questions emerge regarding the large-scale crystallographic orientation 

of the NCs, the role of surface passivation of specific facets, and the atomic mechanism of 

attachment. 

 In this work, an atomic and nanoscale analysis of atomically coherent PbSe and CdSe 

honeycomb superlattices was performed, which were synthesized in the group of Prof. Daniël 
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Vanmaekelbergh at the University of Utrecht, The Netherlands. HAADF-STEM overviews of 

the PbSe and CdSe superlattices, as well as more detailed images are presented in Figure 6.1. 

 

 

Figure 6.1: HAADF-STEM overviews of the a) PbSe and b) CdSe superlattices. High 

resolution HAADF-STEM images of c) the PbSe structure and d) the CdSe exchanged 

structure. 

 

Prior to the investigation of the superlattice, it is important to obtain a thorough 

understanding of the morphology of the individual components, the PbSe NCs. Therefore, 

high resolution HAADF-STEM images were acquired as illustrated in Figure 6.2. Ideally, the 

morphology of the NCs could be determined by atomic resolution electron tomography, as 

presented in Chapter 4 for Au nanorods. Unfortunately, the stability of the NCs does not 

enable us to obtain more than 1 projection image. We therefore used an alternative approach 

which allows us to count the number of atoms in each projected atomic column from a single 

projection image.
44,211,212

 Using statistical parameter estimation theory, the total intensity of 
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scattered electrons can be quantified atomic column-by-atomic column by modelling the 

observed intensities of the atomic resolution HAADF-STEM image as a superposition of 

Gaussian peaks.
212,213

 These scattered intensities are expected to increase monotonically with 

the number of atoms present in a column. Consequently, the number of atoms in each 

projected atomic column can be inferred from the estimated scattered intensities using 

another set of advanced statistical techniques.
44,211,212

 This approach was applied to a 

HAADF-STEM image of a PbSe NC, acquired along a <100> direction.
211

 

The outcome of the counting procedure is presented in Figure 6.2b. Next the counting 

results were visualised in 3D by assuming that the particles have a symmetrical shape along 

the projection direction. The result is presented in Figure 6.2c and it can be observed that the 

PbSe NCs have the shape of a cantellated cube, approaching that of a rhombicuboctahedron. 

The latter implies that the NCs are terminated with {100}, {110} and {111} facets and can be 

verified by comparing the result with the model shown as inset in Figure 6.2c. The size of the 

NCs was estimated to 5.3 nm, by measuring the diameter of more than 1000 different 

nanoparticles. 

 

 

Figure 6.2: a) High resolution HAADF-STEM image of a PbSe nanocrystal. b) Number of 

Pb-Se atom pairs per column, c) 3D representation along <100>, originated by using as 

input the number of atoms in each column as obtained from the atom counting procedure. 

Each sphere corresponds to a Pb-Se pair. The results are in agreement with the model of a 

truncated cube (inset in c), where {110}, {100} and {111} facets are present, represented by 

red, blue and green colour respectively. 

 

Once the morphology of the individual particles has been investigated, their oriented 

attachment was further studied. In Figure 6.3, it can be seen that structures with long-range 

periodicity are observed, as visualized by means of an equilateral triangle spanning the same 
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number of unit cells along each vertex in the HAADF-STEM image, presented in Figure 

6.3a. A more detailed image, presented in Figure 6.3b, reveals that the 〈111〉 axes of the NCs 

are perpendicular to the substrate and that the NC-NC bonds are perpendicular to three of the 

〈110〉 axes. This result is also corroborated by TEM electron diffraction (ED) analysis. The 

structures have a high degree of crystallinity, as observed with the occurrence of sharp spots 

in ED patterns recorded on selected areas with a diameter of 200 nm, presented in Figure 

6.3c. 

 

 

Figure 6.3: Single-crystalline PbSe honeycomb structures created by means of oriented 

attachment. a) HAADF-STEM image of the honeycomb structure (bright on a dark 

background). The equilateral triangle shows the long-range ordering of the structure. Scale 

bar, 50 nm. b) High-resolution HAADF-STEM image showing that the 〈111〉 NC axes are 

perpendicular to the honeycomb plane, and three of the 〈110〉 axes are perpendicular to the 

NC bonds. (Inset) Zoom-in on the atomic columns indicated by the blue box. Scale bar, 5 nm. 

c) Electron diffraction pattern showing the high degree of crystallinity. TEM image in the 

background shows the area on which the ED pattern was recorded (the honeycomb appears 

dark on a bright background). Red line and inset show the orientation of the diffraction spots 



Chapter 6 

 

110 
 

with respect to the honeycomb structure, confirming that the 〈110〉 axes are perpendicular to 

the NC bonds. Scale bars, 50 nm (TEM); 5 nm−1 (ED). d to i) Models of the honeycomb 

structure, with cantellated cubes as nanocrystals. The two inequivalent sites in the 

honeycomb lattice are indicated by yellow/red and blue/green NCs. Rectangles (orange and 

light green) represent {110} facets, triangles (red and dark green) represent {111} facets, 

and squares (yellow, blue) represent {100} facets. d) and e) are the top and side view of the 

trigonal structure, respectively. f) and g) are top and side view of the tetrahedral structure, 

respectively. h) and i) are the top and side view of the octahedral structure, respectively. 

 

There are three different models for attachment of the NCs that result in a honeycomb 

structure with the nanocrystal 〈111〉 axes perpendicular to the substrate: attachments via the 

{110}, {111}, or {100} facets, respectively (Figure 6.3d to i). The three structures appear 

similar from the top but have a very different 3D geometry. Attachment via {110} facets 

results in a planar, trigonal structure with bond angles between the NCs of 120°, Figure 6.3d 

and e. If the NCs attach via the {111} facets, the overall structure of the superlattice is 

slightly buckled, with a tetrahedral symmetry and NC bond angles of 109.5°, Figure 6.3f and 

g. Attachment via {100} facets results in a highly buckled geometry, with an octahedral 

symmetry and NC bond angles of 90°, Figure 6.3h and i. 

 In the trigonal model, the attachment takes place via the {110} facets, meaning that 

the 〈110〉 axes are parallel to the NC bonds. However, both the high-resolution HAADF-

STEM images and the ED patterns show that in our case, the 〈110〉 axes are perpendicular to 

the NC bonds, Figures 6.3b and c, so we could discard the trigonal model. In the buckling of 

the honeycomb, the HAADF-STEM images showed additional scattering strength on the NC 

bonds, indicating a larger-than-average thickness of the sample at that position. In this 

respect, both the tetrahedral and octahedral model are buckled and have three of the 〈110〉 NC 

axes perpendicular to the NC bonds, so it was impossible to discriminate between these 

remaining models by ED or 2D projections from 2D high resolution HAADF-STEM. Thus, 

electron tomography was required in order to fully resolve the honeycomb structure. 

 The tomographic reconstruction of a PbSe honeycomb structure obtained with 

electron tomography is shown in Figure 6.4. For the acquisition of the series, a double 

aberration-corrected cubed FEI Titan 50-80 electron microscope operated at 300 kV was 

used, and the acquisition was performed manually in STEM mode from -50
o
 to +56

o
 and a tilt 

increment of 2
o
, by using a Fischione model 2020 single tilt tomography holder. The obtained 
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series were aligned by using cross-correlation and reconstructed using the SIRT algorithm as 

implemented in Inspect 3D. Slices through the reconstruction in the direction perpendicular 

to the substrate indicate that the two inequivalent NCs in the honeycomb unit cell are located 

on different heights, Figures 6.4b and c. Automated particle detection on the region of 

interest indicated in Figure 6.4d was performed.
214

 We remark that the effect of the missing 

wedge in our tomography data results in a blurring of the contrast along the z direction, 

which is prevalent by looking at the orthoslices in Figures 6.4b and c. Furthermore, we used 

simulated tomography data to show that the missing wedge in this case does not impede 

objective particle detection and the results are given in Figure 6.5. From the resulting 

coordinates, a model resembling the tomographic reconstruction was constructed, shown in 

Figure 6.4e. Using a Voronoi method, important parameters such as bond angle, bond length 

and next-nearest neighbours (NNNs) bond length could be measured. 

 

 

Figure 6.4: HAADF-STEM tomography on the PbSe honeycomb structure. a) HAADF-STEM 

image of the honeycomb structure at 0
o
 tilt. b and c) Slices through the reconstructed volume 
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perpendicular to a). d) 3D representation of the reconstructed volume from the region 

indicated by the white box in a). e) Equally sized spheres plotted on the coordinates obtained 

by means of automated particle detection in the region indicated in white in a). 

 

 The obtained bond angle of 95
o 

± 5
o
 shows that the honeycomb structure was of the 

octahedral type, with bonds between the {100} facets, Figures 6.3h and i. We can compare 

the ratio between bond length (6 ± 0.5 nm) and NNN bond length (8.9 ± 0.6 nm) that we find 

with the theoretical values for the different structures – for the octahedral type, one would 

expect 1:√2, for the tetrahedral type, 1:√8/3 ; and for the trigonal type, 1/√3. The ratio we 

find in our case (1:1.48) is a bit higher than the expected ratio for an octahedral structure, 

which is in agreement with the bond angles being slightly higher than 90
o
. 

 

 

Figure 6.5: Testing the effect of the missing wedge on automated particle detection. a) 

Orthoslice through a reconstruction of a tilt series over ±50° with a 2° increment, calculated 

for a model geometry of two touching layers of hexagonally ordered spheres with a diameter 

of 48 pixels. The red cross marks the same particle throughout each of the orthoslices (xy, yz, 

and xz). b) The geometry as obtained by automated particle detection. c) The differences 
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between input coordinates and coordinates as obtained by automated particle detection are 

random in all three orthogonal planes, and fall below 2 pixels (4% of the particle diameter) 

for all particles. 

 

Next, the PbSe honeycomb structures were transformed into CdSe superlattices, via a 

cation exchange reaction,
215,216

 since it has been predicted that honeycomb semiconductors of 

such zinc blende compounds show a truly new electronic band structure, with a valence hole 

Dirac band and one or two conduction electron Dirac bands combined with strong spin-orbit 

coupling.
217

 The successful exchange of a PbSe honeycomb lattice into a CdSe honeycomb is 

presented in Figure 6.1. HAADF-STEM and ED measurements show that the orientation of 

the Se anion lattice with respect to the honeycomb periodicity is preserved, Figures 6.6a to c. 

 

 

Figure 6.6: Single crystalline CdSe honeycomb structures created by cation exchange. a) 

HAADF-STEM image of the CdSe honeycomb structure. The equilateral triangle shows that 

the long-range ordering of the structure is retained. Scale bar, 50 nm. b) High resolution 

HAADF-STEM image showing that the orientation of the Se anion lattice with respect to the 

superlattice geometry is preserved. (Inset) Zoom-in on the area indicated by the blue box. 

Scale bar, 5 nm. c) An ED pattern showing that the high degree of crystallinity is preserved. 

TEM image in the background shows the area on which the ED pattern was recorded (the 

honeycomb appears dark on a bright background). Red line and inset show the orientation of 

the diffraction spots with respect to honeycomb structure, confirming that the 〈110〉 axes are 

perpendicular to the NC bonds. Scale bars, 50 nm (TEM); 5 nm−1 (ED). 

 

 Following the same trend as in the case of the PbSe crystals, we performed electron 

tomography measurements also in the case of the CdSe honeycombs and the results are given 

in Figure 6.7. It was found that the octahedral honeycomb structure is preserved upon ion 
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exchange. For the acquisition of the series, a double aberration-corrected cubed FEI Titan 50-

80 electron microscope operated at 300 kV was used, and the acquisition was performed 

again manually in STEM mode from -64
o
 to +60

o
 and a tilt increment of 2

o
, by using a 

Fischione model 2020 single tilt tomography holder.
 
The obtained series were aligned by 

using cross-correlation and reconstructed using the SIRT algorithm as implemented in 

Inspect 3D. Automated particle detection was performed also in this case, in the region 

indicated in Figure 6.7c. The measured bond angles were 85 ± 6
o
. However, the measured 

bond lengths and NNN bond lengths were remarkably high: 6.7 ± 0.3 and 9.1 ± 0.6 nm 

respectively. In order to explain this increase, further research should be performed. 

 

 

Figure 6.7: HAADF-STEM tomography on the CdSe honeycomb structure. a) HAADF-STEM 

image of the honeycomb structure at 0
o
 tilt. b) Slice through the reconstructed volume 

perpendicular to a). c) 3D representation of the reconstructed volume from the region 

indicated by the white box in a). d) Equally sized spheres plotted on the coordinates obtained 

by automated particle detection in the region indicated in white in a). 



3D characterization of nanoparticle assemblies 

 

115 
 

6.3    Structural characterization of 3D nanoparticle assemblies 

 

Solvent-mediated self-assembly of nanoparticles, which has often been intuitively 

associated with hydrophobic effects,
218

 is still poorly understood by the scientific community. 

Hydrophobic interactions are the most important nonspecific interactions in biological 

systems and are responsible for different events, such as the creation of lipid bilayers and the 

determination of the conformation of proteins in water.
219

 Besides the constantly increasing 

complexity of the nanoassemblies induced by hydrophobic interactions,
220,221

 understanding 

them on the level of colloidal interactions remains a challenging task. 

In this work, a detailed structural and morphological characterization of assemblies of 

polysterene (PS)-stabilized spherical Au nanoparticles was performed, synthesized in the 

group of Prof. Luis M. Liz-Marzan at the CIC Biomagune lab, San Sebastian, Spain. The Au 

nanoparticles, which are dispersed in tetrahydrofuran (THF) can form aggregates upon the 

addition of water, which is poor solvent for PS. The procedure is illustrative presented in 

Figure 6.8. The influence of the modification of different parameters, such as the size of the 

Au nanoparticles as well as the length of the polymer chains, on the modulation of the 

hydrophobic interactions was studied. Therefore, nine different samples were investigated, 

where these two parameters were modified. 

In Figure 6.9, HAADF-STEM images are given for assemblies of all samples. 

Moreover, the parameters for each investigated sample are summarized. In order to achieve a 

complete 3D characterization for all the synthesized assemblies, electron tomography 

measurements were employed. The series were acquired in HAADF-STEM mode over a tilt 

range from -76
o
 to +76

o
 with a 2

o
 tilt increment, by using a Fischione model 2020 single tilt 

tomography holder. All the experiments were performed on a Tecnai G2 electron microscope 

operated at 200 kV. The alignment of the series was performed by using cross correlation and 

the reconstruction by using the SIRT algorithm. 

In Figure 6.10, 3D representations of the reconstructed volumes are given for each 

sample. From the reconstructions, valuable information concerning the spatial distribution 

and the number of the particles in the assemblies, as well as interparticle distances can be 

obtained, which are presented in table 6.1. Analysis of these parameters showed that the 

particles uniformly fill the polystyrene cores, with uniform edge-to-edge distances and 

apparently a certain degree of order, Figure 6.10. Controlling the length of polymer chains 

allowed the modulation of the gap distances between the particles which is particularly 
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visible for the case of 20 nm particles stabilized with progressively increasing PS chains, 

Figure 6.10a, d and g. Regardless of particle diameter for the shortest polymer chain length, 

the distances were smaller (2-5 nm) as compared to the longest polymer chains, where the 

distances were 19-22 nm respectively. These findings render the clusters accessible for 

molecular uptake and controlled release, which may have interesting biological applications. 

Furthermore, regardless of the mean nanoparticle diameter, increasing the length of the PS 

chains increases the redshift of the plasmon band. This feature brings new insights into the 

field of plasmon engineering, indicating that the plasmonic optical window can be easily 

tuned independently of the available space between the particles. 

 

   

Figure 6.8: Three-dimensional self-assembly of polystyrene-coated gold nanoparticles. a) 

Colloidal dispersion of polystyrene coated gold nanoparticles in THF. b) The aggregation 

starts upon addition of a nonsolvent (water, -20 wt %). c) The addition of polymeric 

surfactant (PS-b-PAA) at any time during aggregation suppresses further aggregation. Mild 

thermal treatment leads to expelling THF and induces rearrangement of the particles inside 

the hydrophobic core, while the polyacrylic shell ensures stability of the clusters in water. 
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Figure 6.9: HAADF-STEM images acquired from assemblies of the 9 different samples. The 

size of the clusters can be controlled by the molecular weight of the grafted polystyrene. By 

modifying the length of the polymer chains the size of the cluster changes. In each image, the 

synthesis parameters (D referring to the diameter of each nanoparticle and L to the length of 

the polymer chain) are given. 
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Figure 6.10: 3D representation of the reconstructed assemblies, where the different shells of 

Au nanoparticles in each assembly are represented with different colours. 

 

 

 

 

 

 

 

 

 

 



3D characterization of nanoparticle assemblies 

 

119 
 

Table 6.1: Inter-shell distances and total number of particles for the assemblies presented in 

Figure 6.9. The distances are measured from the centre of each particle. 

Sample Inter-shell distance (nm) Total number of 

particles 

D: 20nm, L: 7nm 20 ± 2 9 

D: 20nm, L: 20nm 28 ± 2 117 

D: 20nm, L: 39nm 32 ± 2 59 

D: 40nm, L: 10nm 42 ± 2 17 

D: 40nm, L: 24nm 48 ± 2 124 

D: 40nm, L: 45nm 54 ± 5 132 

D: 60nm, L: 12nm 69 ± 2 16 

D: 60nm, L: 23nm 62 ± 14 84 

D: 60nm, L: 43nm 76 ± 6 89 

 

The 3D reconstructions show that the particles are present in concentric shells in the 

assemblies. A more careful inspection shows that in most of the cases a polyhedral 

arrangement is followed for the individual shells, as it can be seen for example in Figure 6.11 

for the shells of the assembly of the sample, where D and L were 20 nm and 39 nm 

respectively. 
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Figure 6.11: Comparison of all a) and the inner b) layers of the reconstructed volume of 

sample D: 20 and L: 39, with two models of icosahedral structures. The very good matching 

between the experimental reconstructed volumes and the models is prevalent. 

 

 In order to obtain better insight concerning this behaviour, the outcome of these 

experiments was used for theoretical modelling performed by the (CMT) group of Prof. 

Francois Peeters at the University of Antwerp. 

 

6.3.1 Self-Organization of Highly Symmetric Nanoassemblies: A Matter of Competition 

 

 In order to obtain a thorough understanding of the connection between structure and 

properties of nanoassemblies, the combination of TEM and theoretical calculations is very 

powerful.
222,223,224

 2D self-assembled systems have been theoretically studied in depth during 

the past decade,
225,226,227,228,229,230,231,232,233

  and the transition between 2D and 3D assemblies, 

has been recently investigated.
230

 However, these studies are mainly based on 

phenomenological models,
54,222,234,235,236,237

 but do not yield insight concerning the underlying 

physical processes involved during the formation of the 3D assemblies. 

 Inspection of the results, presented in Figure 6.10, show that two different kinds of 

configurations are present. For assemblies containing particles with a relatively small 
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diameter grafted with polymers of short chain length (L) a dense packed configuration was 

found, Figures 6.10a-c. However, in the case of longer polymer lengths, shell-like structures 

can be identified, shown in Figures 6.10d-i. Strikingly, some of the 3D reconstructions, such 

as the example presented in Figure 6.10d, yield a highly symmetric and regular 3D stacking 

of the individual nanoparticles. In Figure 6.10g, an icosahedron is clearly observed, but also 

other types of polyhedra were found. It should be noted that for large and denser packed 

assemblies, such as the example in Figure 6.10f, regular stackings were not observed, but the 

arrangement was closer to spherical symmetry. For certain configurations however, some 

shells appear to be incomplete; that is, particles are missing. 

At the CMT group of Prof. Francois Peeters, at the University of Antwerp, Belgium, a 

new theoretical model was proposed, which is based on a generalized Morse interparticle 

interaction. The model is easy to implement and provides a thorough understanding of the 

formation process of 3D assemblies from the aggregation of gold nanoparticle building 

blocks, and the results where compared with the experimental results we obtained from the 

electron tomography experiments, revealing a very good consistency. 

Initially, the parameter γ was introduced which is given by the equation 6.1 and is the 

ratio of the total volume occupied by the particle and the polymer and the volume of the Au 

nanoparticle, which is thus a material-independent quantity. 

                                                            𝛾 = (1 + 
2𝐿

𝐷
)3                                                         (6.1) 

The proposed model is based on a generalized Morse interparticle interaction: 

𝐸 =  ∑ ∑ (A exp(−𝑎𝑟𝑖𝑗) − �̃� 𝑒𝑥𝑝𝑁
𝑗>1 (−�̃�𝑟𝑖𝑗))𝑁

𝑖=1                            (6.2) 

In this expression A and �̃� modulate the strength while and a and 𝛽 are a measure of the 

screening of the repulsion and attraction between two particles, respectively. N is the number 

of particles in the assembly, and rij represents the distance between the centers of the i-th and 

the j-th particles in the self-assembled system. For a given temperature T, equation 6.2 can be 

written in dimensionless form as follows: 

   𝐸 =  ∑ ∑ (exp(−𝑟𝑖𝑗) − 𝐵 𝑒𝑥𝑝𝑁
𝑗>1 (−𝛽𝑟𝑖𝑗))𝑁

𝑖=1                               (6.3) 

where β = 
�̃�

𝛼
,while the energy and the distances are given in units of Eo = AKBT, with KB 

being the Boltzmann constant, and ro = a𝑟�̃�, respectively. The average distance between the 

concentring shells in the assemblies is given by 𝑟�̃� , which is defined as the characteristic 

length of the system. This potential consists of a repulsive and an attractive term, where the 

latter is modulated by its strength B, and interaction range 1/ β. Equation 6.3 represents a 
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two-parameter model that enables one to tune the strength and the range of the attraction in a 

flexible manner. 

 In order to correlate the experimental data with the theoretical calculations, the mass 

density inside the shell defined by the ends of the polymer chains surrounding each gold 

nanoparticle was introduced, which is given by ρ = ρc/γ, where ρc is the density of Au. 

Experimentally, it was found that for γ >> 1, i.e., long polymer chain lengths with respect to 

the particle size, the assembly formed by the nanoparticles is highly spherical symmetric. 

 The best agreement between theory and experiment was achieved for large γ values, 

when complete shell structures, i.e., without vacancies, are formed experimentally. In our 

case, assemblies following this trend were those who had D and L values equal to 20 nm and 

7 nm, 20 nm and 20 nm and 40 nm and 45 nm respectively. In Figure 6.12, the comparison 

between the configurations obtained from the tomographic reconstructions and those obtain 

from the theoretical simulations is given. The excellent agreement between experiment and 

theory should be noted, which was found for the value of B = 0.65. The parameters used are 

given in table 6.2. 

 

 

Figure 6.12: Comparison between configurations obtained from experimental reconstruction 

(left) and simulations (right) with the parameters listed in Table 6.2. Particles belonging to 

different shells are highlighted by different colours. In the central panel, the radial density 



3D characterization of nanoparticle assemblies 

 

123 
 

distribution function is plotted, where we compare the experimental results with the ones 

obtained from theory. 

 

Table 6.2: D is the diameter of the Au particles and L is the length of the polymer chains 

surrounding them, N is the number of particles in each assembly and n is the number of 

shells found in each cluster. The number of particles per shell for both the experimental 

assemblies and the theoretical model are displayed in the two rightmost columns. 

Sample D (nm) L (nm) N n Tomographic 

reconstruction 

Theoretical 

prediction 

A 20 20 33 2 (4, 29) (4, 29) 

B 20 39 59 3 (1, 12, 46) (1, 12, 46) 

C 40 45 132 3 (11, 37, 84) (10, 37, 85) 

 

 The excellent agreement between the experimentally observed and the theoretically 

predicted configurations provides us with the opportunity to understand the physics behind 

cluster formation. For the synthesis parameters used, we were able to explain the particular 

cluster formation and correctly predict their 3D configuration. The final structures result from 

the tendency of the system to form a close packed configuration and the formation of a shell-

like structure induced by strong attraction. The stronger the attraction, the more particles can 

be packed on a specific shell and the more shell-like the final structure will be. This is closely 

related to the phenomenon of surface tension, where the attraction between molecules or 

atoms results in the minimization of the outer surface area. This competition results, in the 

case of strong attraction, in a sequential formation of regular polyhedra. 

One of the main advantages of the proposed theoretical model is that it may enable 

one to guide the synthesis of novel 3D assemblies in a controlled and efficient manner, which 

will be of importance for different scientific applications where specific 3D arrangements of 

nanoparticles are required, such as metamaterials or nanoparticle assemblies with optimized 

hot spot density. However, in order to perform such calculations, quantitative information is 

required concerning the assembly and parameters based on the coordinates of the individual 

nanoparticles should be provided. For the assemblies investigated in this part of the thesis, the 

coordinates could be determined by a manual segmentation of the 3D reconstruction. 

However, for large or dense assemblies a manual extraction of the coordinates is no longer 

possible. 
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6.3.2 Quantitative structure determination of large nanoparticle assemblies 

 

 Several groups have demonstrated the ability to investigate nanoparticle assemblies 

by electron tomography.
238,239,214,236

 In those cases, either BF-TEM or HAADF-STEM was 

used to obtain the series of 2D images. However, if one wants to extract quantitative 

information, optimization of the electron tomography experiment is required. This is 

especially the case for large assemblies that have a thickness > 500 nm. For such systems, the 

conventional approaches yield different types of artefacts hampering a quantitative 

interpretation of the 3D data. Here, we propose an improved route towards the quantitative 

structure determination of large 3D nanoparticle assemblies, which required optimization of 

both the acquisition technique and the reconstruction algorithm. We demonstrate that this 

approach is of crucial importance in the investigation of so-called "superspheres", containing 

Au nanoparticles stabilized by a polymer matrix, which were already introduced previously. 

Because they have a large diameter and contain no specific features that can hamper a 

reliable reconstruction, these large assemblies serve as a good test object to investigate the 

influence of both the acquisition technique and the reconstruction algorithm on the quality of 

the reconstruction. Such systems have also become of high importance in the field of 

nanoplasmonics, since they may lead to controlled hot spot formation and antenna effects.
240

 

Colloidal superspheres were prepared using a recently reported procedure, which was 

also presented in the previous paragraph.
221

 Briefly, gold nanoparticle building blocks (20 

and 40 nm diameter) were stabilized with hydrophobic polymer (thiolated polystyrene, 

molecular weight = 53,000 g/mol). The length of the polymer chains was determined by 

dynamic light scattering to be 39 nm and 45 nm for gold nanoparticles with diameter of 20 

nm and 40 nm respectively, indicating different chain conformations for particles with 

different curvature. The polystyrene-stabilized particles spontaneously self-assemble in a 

THF/H2O mixture, and the assemblies can be stabilized within polymeric micelles of a 

diblock copolymer (polystyrene-block-poly acrylic acid). The final size of the assemblies in 

solution was 160±4 nm and 670±10 nm for 20 and 40 nm gold nanoparticles, respectively. 

TEM samples were prepared by drop casting the aqueous solution of the assemblies on holey, 

carbon-coated copper grids. 

Electron tomography experiments were carried out using a Tecnai G2 electron 

microscope, operated at 200 kV. A Fischione model 2020 single tilt tomography holder was 

used and the series were acquired automatically using the Xplore3D software. All tilt series 

were acquired in STEM mode with an angular range from -76º to +70º and a tilt increment of 
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2º. For the illumination system, a probe semi convergence angle was used that equals 16 

mrad corresponding to a depth of focus of approximately 70 nm. As discussed below, the 

camera length and therefore the collection angle of the annular detector were optimized 

according to the samples to be investigated. The alignment of the series was done by a 

combination of Inspect 3D software, provided by FEI and manual alignment using the IMOD 

software.
124

 3D reconstruction was performed using the Simultaneous Iterative 

Reconstructive Technique (SIRT) as implemented in Inspect3D. A more advanced method 

for the 3D reconstruction, the so-called "Total Variation Minimization" approach for electron 

tomography was also used, which was explained in more detail in Chapter 2. The 

visualization of all the reconstructions was done by Amira 5.4.0 software package from 

Mercury Computer Systems. 

As discussed in both the introduction of this chapter and in paragraph 2.2.2, HAADF-

STEM is considered as a standard technique for tomography in materials science. We used 

HAADF-STEM to visualize the 3D structure of an assembly consisting of 20 nm Au particles 

and 39 nm long polymer chains. The total diameter of the assembly is 160±4 nm. In Figure 

6.13a, a 2D projection HAADF-STEM image of the structure is presented. Diffraction 

contrast was avoided by setting the inner semi collection angle of the detector to 90 mrad. A 

tilt series of images was acquired and used as an input for a tomographic reconstruction based 

on the SIRT algorithm. During the reconstruction, an optimized number of 30 iterations was 

used as proposed by Mezerji et al.
131

. The result of the procedure is illustrated in Figure 

6.13b, where a volume rendering of the structure is shown. Two different orthoslices through 

the 3D reconstruction are also presented in Figure 6.13c. It can be seen that the gray levels 

are equal for all particles, including those present in the middle of the assembly. Based on the 

HAADF-STEM technique, this is exactly what is to be expected since all particles contain 

only the chemical element Au. 

 Next, an assembly with a larger total diameter was investigated. In this case, the 

diameter of the assembly was found to be equal to 670±10 nm, with individual particle sizes 

of 40 nm and the length of the polymer chains being 45 nm. Also for this cluster, HAADF-

STEM was used with the inner semi collection angle of the detector being 90 mrad and SIRT 

algorithm of 30 iterations was used for the tomographic reconstruction. A 2D projection 

image of the structure is presented in Figure 6.14a and orthoslices, as well as a volume 

rendering of the structure, are presented in Figures 6.15a and 6.16a, respectively. Although 

the volume rendering can be interpreted in a qualitative manner, the orthoslice in Figure 

6.15a shows that not all reconstructed particles yield the same gray level. An underestimation 
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of the intensity is found in the central part of the assembly. This is due to the so-called 

"cupping artefact" and is related to the thickness of the assembly and the high atomic number 

of Au. This results in an increase of multiple scattering and backscattering as was discussed 

in a previous paper.
103

 

 

 

Figure 6.13: a) HAADF-STEM image of a relatively small assembly of Au particles at a 0
o
 

tilt angle. b) Volume rendering of the reconstructed supersphere. c) Two different orthoslices 

through the reconstructed volume, showing that the gray levels are the same for all particles. 

 

 Consequently, a relatively smaller amount of the incoming electron beam is scattered 

towards the detector, leading to an underestimation of the intensity. The cupping artefact 

clearly affects the reconstruction of the particles at the inner shells of this assembly. As a 

consequence, both qualitative and quantitative interpretations of the results are no longer 

straightforward. Especially a quantitative interpretation will be hampered: when quantifying a 

3D reconstruction, one needs to carry out a segmentation step in which a correspondence is 

defined between certain gray scales or features in the original sample and specific gray scales 

or features in the 3D reconstruction. Due to the cupping artefact, the nanoparticles at the 
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inner part of the assembly will have a different gray level from those at the outside. This will 

complicate the segmentation and therefore the quantification of the results.  

 

 

Figure 6.14: a) 2D HAADF-STEM projection image of a relatively large assembly of Au 

particles at a 0
o
 tilt angle. b) 2D IBF-STEM projection image of the same assembly at a 0

o
 

tilt angle. 

 

 A partial solution to overcome this problem is the use of the technique referred to as 

IBF-STEM,
241,242

which has been used successfully for electron tomography of thick samples 

in the past
102,105,104 

 and which was introduced in Chapter 2. Since the IBF–STEM signal is 

incoherent, it scales with the atomic number Z of the elements present in the sample and the 

thickness of the sample.
102,85

 IBF-STEM was used to obtain a tilt series of the same assembly 

as shown in Figure 6.14b. When acquiring this series, the inner semi collection angle of the 

detector was several times larger than the beam’s convergence semi angle, in order to 

preserve the incoherent imaging.
102

 Using this set-up, electrons scattered between 0-90 mrad 

are collected. When using the raw IBF-STEM projection images, the cupping artefact can 

still be expected, due to Beer’s law, Figures 6.15b and 6.16b. Therefore a correction for this 

artefact has been applied.
103

 

 The intensity I’ that is scattered to angles smaller than θin (inner semi-collection angle 

of the HAADF detector) and which is collected by the detector when using IBF-STEM, is 

shown to decrease exponentially as a function of object thickness t: 

                                             I’ = Io exp(-μt)     with  μ=ησ,                                                 (6.4) 
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In this expression, Io is the intensity of the beam as it enters the object, η is the number of 

atoms per unit of volume, σ is the Rutherford scattering cross section to angles larger than θin 

and µ is defined as the attenuation coefficient and equals the inverse of the mean free path 

between scattering events. Instead of using the raw IBF-STEM images yielding intensity I’, 

images with corrected intensities equal to -ln(I'/I0) were used for further reconstruction. The 

intensity Io can be estimated from a projection of a region containing no specimen, where the 

recorded signal equals the intensity of the incoming electron beam. 

 The result of a SIRT reconstruction is presented in Figure 6.15c (orthoslice) and 

Figure 6.16c (volume rendering). It can be seen that the nanoparticles in the middle of the 

assembly yield now a gray value that is closer to the ones observed at the outer part of the 

assembly, but still, a straightforward segmentation is not possible due to remaining artefacts 

in the final reconstruction. This motivates the optimization of the reconstruction technique as 

well. 

 

 

Figure 6.15: Orthoslices (obtained orthogonal to the incoming electron beam at 0º tilt angle) 

of the reconstructed volumes based on a tilt series of either HAADF-STEM, IBF-STEM and 

corrected IBF-STEM combined with a SIRT reconstruction (a-c) or with a TVM 

reconstruction (d-f). A colour map is always presented to facilitate the visualization of the 

cupping artefacts that are present in the HAADF-STEM and the non-corrected IBF-STEM tilt 
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series. For these colour maps, the intensity is scaled between an arbitrary minimum value 

(blue) and a maximum value (red). 

 

 For electron tomography reconstructions in materials science, WBP or SIRT are the 

most commonly used reconstruction algorithms.
133

 The use of SIRT to reconstruct the small 

assembly, Figure 6.13a, was found to be adequate, but for the large assembly, the 

reconstructions appear with a low signal-to-noise ratio, Figures 6.16a, 6.16b and 6.16c. In 

addition, the effect of the so-called "missing wedge", due to the limited tilt range during the 

experiment becomes more obvious.
91,243 

Recently, new algorithms were proposed in which 

the quality of a reconstruction can be drastically improved.
134,98,244,136,137

 Here, we will use the 

TVM technique, which is based on compressive sensing and whose technical details were 

introduced in Chapter 2. It is hereby assumed that the object that needs to be reconstructed 

has a sparse gradient. For objects at the nanoscale this is often a valid assumption and the 

advantages of using compressive sensing for electron tomography were demonstrated for 

different nanostructures already.
136,137

 

TVM reconstructions were carried out for the large assembly using the HAADF-

STEM series, the uncorrected IBF-STEM series and the corrected IBF-STEM series. The 

results of the orthoslices are shown in Figures 6.15d-f and those of the volume rendering are 

presented in Figures 6.16d-f. It is clear that the combination of HAADF-STEM and TVM 

yields better results in comparison to all reconstructions based on the SIRT algorithm. 

However, it is only when combining TVM and IBF-STEM with the corrections of the 

intensity that a reconstruction is obtained in which segmentation can be carried out in a 

straightforward manner. This can be clearly observed from the orthoslices and the 

corresponding scaled colour maps in Figure 6.15f, where all the particles in the volume have 

the same gray value. It must be noted that no artefacts are observed in this visualization that 

could be caused by the limited depth of focus during the acquisition of the projection images. 

Using this reconstruction, a segmentation based on a single threshold becomes 

straightforward. As a consequence, also quantification becomes possible leading to 

interesting information about the particle distribution in the assembly. For example, in this 

case we were able to determine the number of particles in each reconstruction. 
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Figure 6.16: Volume renderings of a relatively large assembly based on a tilt series of 

HAADF-STEM, IBF-STEM and corrected IBF-STEM projections and reconstructed with 

either a SIRT algorithm (a-c) or a TVM algorithm (d-f). It can be seen that a combination of 

corrected IBF-STEM projections with a TVM reconstruction algorithm renders the best 

result. 

 

In case a segmentation (using the same threshold value) is performed for the HAADF-

STEM series, reconstructed using SIRT, a total number of 70 segmented particles is found. 

When segmenting the series acquired by IBF-STEM (corrected for the cupping artefact) and 

reconstructed using TVM the total number of segmented particles equals 302. This 

difference, which can be better understood by looking at the values in table 6.3, clearly 

indicates the importance of our optimized approach in the field of reliable quantification of 

3D volumes obtained by electron tomography. 
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Table 6.3: Number of segmented particles in each reconstructed volume 

 SIRT TVM 

HAADF-STEM 70 177 

Non corrected IBF-STEM 46 78 

Corrected IBF-STEM 158 302 

 

 In conclusion, we have shown that 3D quantitative results for large nanoparticle 

assemblies can be obtained by optimizing different aspects of the electron tomography 

experiment. For the acquisition, HAADF-STEM imaging is less suited and IBF-STEM 

imaging, corrected for the so-called cupping artefact presents the best alternative. The total 

variation minimization technique is presented as the most optimal approach for the 3D 

reconstruction. Using this methodology, we are able to reconstruct a large (>500 nm) 

spherical assembly of Au nanoparticles while minimizing any artefacts in the reconstruction. 

As a result, quantitative information can be obtained in a straightforward manner. 
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7.1    Introduction 

 

 In the previous chapter, assemblies of spherical Au nanoparticles were thoroughly 

characterized by the use of electron tomography. However, Au nanoparticles of different 

sizes and shapes can also be organized in assemblies, yielding in this way structures with 

numerous properties in different scientific fields.
245,221,61,246

 Since the structure and the shape 

of such assemblies are inseparably connected to their specific applications and properties, a 

similar characterization would be of utmost importance in this case as well. In the present 

chapter, preliminary results of the characterization of binary assemblies and assemblies made 

of non-spherical particles are presented, which were synthesized in the group of Prof. Luis M. 

Liz-Marzan at the CIC Biomagune lab, San Sebastian, Spain. 

 

7.2    Binary assemblies 

 

 Similarly to unary clusters, binary clusters of Au nanoparticles have attracted 

increasing interest the last years, since their optical properties differ from those of 

individually dispersed nanoparticles, due to plasmon coupling originating from decreased 

interparticle distances. In our case, binary assemblies comprising nanoparticles of two 

different sizes, 10 and 40 nm respectively were investigated. The Au nanoparticles, which are 

dispersed in tetrahydrofuran (THF) can form aggregates upon the addition of water, which is 

poor solvent for PS. While keeping the concentration of Au40 constant, the Au10 

concentration was progressively increased by factors of 10, 50 and 100, as compared to 

Au40.
245

 In Figure 7.1, HAADF-STEM images are given for assemblies of all the samples. 

In order to achieve a complete 3D characterization for all the synthesized assemblies, 

electron tomography measurements were employed. The series were acquired in HAADF-

STEM mode over a tilt range from -76
o
 to +76

o
 with a 2

o
 tilt increment, by using a Fischione 

model 2020 single tilt tomography holder. All the experiments were performed on a Tecnai 

G2 electron microscope operated at 200 kV and a double aberration corrected cubed FEI 

Titan 50-80 electron microscope operated at 300 kV. The alignment of the series was 

performed by using cross correlation and the reconstruction by using the SIRT algorithm. 
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Figure 7.1: HAADF-STEM images acquired from assemblies of all the samples.  

 

In Figure 7.2, 3D representations of the reconstructed volumes are given for each 

assembly of each sample. From the reconstructions, valuable information concerning the 

spatial distribution and the number of the particles in the assemblies can be obtained, which 

are presented in table 7.1. A very important observation which we were also able to make is 

that for the assemblies with Au10/Au40 = 50 and 100, the large particles are always located at 

the outer parts of the structure. Furthermore, they were also found to be surrounded by 8 

nearest neighbours. 
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Figure 7.2: 3D representation of the reconstructed assemblies, where the Au10 and Au40 

particles are represented with yellow and magenta colours respectively. 

 

Table 7.1: Number of Au10 and Au40 nanoparticles in each assembly. 

Sample Number of Au10 particles Number of Au40 particles 

Au10/Au40 = 1 48 129 

Au10/Au40 = 10 237 56 

Au10/Au40 = 50 494 23 

Au10/Au40 = 100 784 19 
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7.3    Assemblies of non-spherical nanoparticles 

7.3.1 Nanorods and nanodumbbells 

 

In Chapter 4, Au nanorods and nanodumbbells were thoroughly characterized in 3D, 

both at the nanometer and atomic level. Likewise in the case of spherical nanoparticles, 

nanorods can assemble themselves in the presence of a polymeric stabilizer, yielding 

structures with unique configurations and improved properties. For example, by alignment of 

the nanorods and dumbbells in the assemblies at different conformations, plasmon coupling 

occurs, leading to redshifting of the localized surface plasmon resonance (LSPR) peaks. 

However, the encapsulation of non-spherical NPs is more challenging as compared to 

spherical ones, mainly due to the uneven distribution of the polymer on the surface of the 

nanoparticles. In fact, it has been shown that for Au nanorods
247

 or dumbbells
221

 the polymer 

distributes mostly on the tips, leaving the central part of the particles uncoated. In order to 

overcome this limitation and be able to achieve a successful encapsulation, polymers with a 

higher molecular weight (Mw) should be used. Furthermore, in the presence of THF and 

water, the polymer coated nanoparticles can be assembled into larger structures, yielding 

spherical clusters similar to those formed by spherical particles.
248

 

In order to achieve a complete 3D characterization for all the synthesized assemblies 

of nanorods and nanodumbbels, electron tomography measurements were employed. The 

series were acquired in HAADF-STEM mode over a tilt range from -76
o
 to +76

o
 with a 2

o
 tilt 

increment, by using a Fischione model 2020 single tilt tomography holder. All the 

experiments were performed on a Tecnai G2 electron microscope operated at 200 kV. The 

alignment of the series was performed by using cross correlation and the reconstruction by 

using the SIRT algorithm. In Figures 7.3 and 7.4, HAADF-STEM images and 3D 

representations of the reconstructed volumes are given for assemblies of nanorods and 

dumbbells respectively. From the reconstructions, valuable information concerning the 

spatial distribution and the number of the particles in each layer of the assemblies can be 

obtained, which are presented in table 7.2. The particles are arranged in concentric shells, 

which are represented with different colours. In all cases it can be observed that the layers of 

particles in the assemblies are incomplete, which could be possibly attributed to the non-

uniform distribution of the polymer around the nanoparticles. An additional reason can also 

be the presence of air in the solution during the aggregation process. 
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Figure 7.3: a and e) HAADF-STEM images and b-d and f-h) 3D representations of two 

reconstructed assemblies of Au nanorods. The particles are arranged in concentric shells, 

which are represented with light blue, magenta and yellow colours. 

 

 

Figure 7.4: a and d) HAADF-STEM images and b, c and e) 3D representations of two 

reconstructed assemblies of Au nanorods. The particles are arranged in concentric shells, 

which are represented with magenta and yellow colours. 
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Table 7.2: Number of nanoparticles in each layer of the assemblies. 

Assembly  Number of particles  

Nanorods Outer layer (yellow) Middle layer (magenta) Inner layer (blue) 

1 170 106 31 

2 54 18 3 

Dumbbells    

1 148 35 - 

2 50 - - 

 

7.3.2 Nanostars 

 

Assemblies based on Au nanostars were also characterized in 3D by electron 

tomography.
248

 For such clusters, the LSPR peaks are redshifted more compared to the cases 

of clusters made by rods and dumbbells. The latter is attributed to the interdigitation of the 

tips of the stars, which results in stronger plasmon coupling and formation of hot spots.
249

 

Examples of such structures are given in Figure 7.5, together with the 3D representation of 

the reconstructed volumes obtained by the electron tomography analysis. The series were 

acquired in HAADF-STEM mode over a tilt range from -76
o
 to +76

o
 with a 2

o
 tilt increment, 

by using a Fischione model 2020 single tilt tomography holder. All the experiments were 

performed on a double aberration corrected cubed FEI Titan 50-80 electron microscope 

operated at 300 kV. The alignment of the series was performed by using cross correlation and 

the reconstruction by using the SIRT algorithm. 
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Figure 7.5: a and d) HAADF-STEM images and b, c, e and f) 3D representations of two 

reconstructed assemblies of Au nanostars. The particles are arranged in concentric shells, 

which are represented with magenta and yellow colours. 

 

From the reconstructions, valuable information concerning the spatial distribution and the 

number of the particles in each shell of the assemblies can be obtained, which are presented 

in table 7.3. 

 

Table 7.3: Number of nanoparticles in each layer of the assemblies. 

Assembly Number of particles 

Nanostars Outer layer (yellow) Inner layer (magenta) 

1 74 22 

2 15 1 

 

7.3.3 Future work 

 

 In Chapter 6 it was explained that a comparison of the experimental results obtained 

by a tomographic experiment with theoretical calculations is always mandatory. Such a 

procedure can enable a better understanding of the physics behind the cluster formation 
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mechanism or even more interestingly it could enable a more controlled synthesis approach. 

For all the previous cases of the assemblies presented in this chapter, a similar comparison 

could be also performed and it is something which is planned as a next step after the 

accomplishment of this thesis. Furthermore, since for the cases of nanorod and dumbbell 

assemblies the conformation of the particles within the clusters directly affects the optical 

properties of the structures, determination of the orientation of the particles in the clusters 

could be also performed. A similar analysis was very recently carried out by Besseling et al., 

for the case of nanorod assemblies.
250

 

 Very often, large or compact structures can be also formed, making manual 

segmentation very subjective and quantification of the data impossible. In such cases 

optimization of the acquisition and reconstruction processes is needed, as it was explained in 

the previous chapter.
73

 Very recently, a novel reconstruction approach was developed and 

implemented successfully in cases of large and compact assemblies of spherical 

nanoparticles, in which prior information on the shape of the individual particles is 

exploited.
251

 A future plan would be the extension of the technique in cases of assemblies of 

non-spherical particles. The 3D characterization of such structures could become possible by 

combining the approach with the possibility of using a pre-defined “dictionary” of particle 

features (e.g. edges, corners etc.). 

 Similar to hetero nanoparticles, assemblies consisting of nanoparticles with different 

compositions can be envisaged to expand their potential properties and applications.
74

 Such 

assemblies can be investigated by HAADF-STEM, but if the building blocks are composed of 

elements with a very similar atomic number, EDX tomography should be used. Such an 

analysis is planned as future work. 
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0D   0 – Dimensional 

1D   1 – Dimensional 

2D   2 – Dimensional 
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ADF   Annular Dark Field 
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BF   Bright Field 

CVD   Chemical Vapor Deposition 

CCD   Charge-Coupled Device 

CAT   Computerized Axial Tomography 
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DFT   Density Functional Theory 

ED   Electron Diffraction 

EDX   Energy Dispersive X-ray Spectroscopy 
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EFTEM  Energy Filtered Transmission Electron Microscopy 
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eV   electron Volt 
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FFT Fast Fourier Transform 
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IR   InfraRed 
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LSP   Longitudinal Surface Plasmon 
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LSPR Localized Surface Plasmon Resonance 

MAADF-STEM Middle Angle Annular Dark Field Scanning Transmission Electron 

Microscopy 

Mw Molecular Weight 

NOMFET  Nanoparticle Organic Memory Field-Effect Transistor 

NA   Numerical Aperture 

NMR   Nuclear Magnetic Resonance 
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PXRD   Powder X-ray Diffraction 
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ROS   Reactive Oxygen Species 

STEM   Scanning Transmission Electron Microscopy 
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SAD   Selected Area Diffraction 
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TEM   Transmission Electron Microscopy 
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