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Abstract 

Over the last decades, nanoparticles are extensively investigated both theoretically and 

experimentally due to their interesting properties that differ from their bulk counterparts, 

making them promising materials for many technological applications. Since the properties of 

nanoparticles heavily depend on their morphology, the design of nanoparticles with a 

predetermined shape is of high importance. In the past, specific particle morphologies were 

synthesized by trial and error. Nowadays, much effort is devoted toward a more rational 

design for which it is of key importance to understand the fundamental parameters that 

influence the growth mechanism and the end morphology of the nanoparticles. Transmission 

electron microscopy (TEM) has become a standard technique to investigate nanomaterials. 

However, this technique only provides a two-dimensional (2D) projection of objects with a 

three-dimensional (3D) structure. To investigate the 3D structure of nanoparticles, electron 

tomography is required. In a conventional tomography experiment, a continuous tilt series of 

high angle annular dark field scanning transmission electron microscopy (HAADF-STEM) 

images is acquired. Although HAADF-STEM tomography has proven its value in the study 

of complex nanoparticles, further progress is required. For example, structural defects can 

have a significant impact on the growth and the properties of nanomaterials, but no universal 

technique exists to visualize some of these defects such as twinning planes in 3D. 

Furthermore, HAADF-STEM is not always able to distinguish between multiple chemical 

components in heterogeneous materials and to determine the valency in nanoparticles. Thus, 

the extension of conventional electron tomography toward a broader variety of techniques is 

required. 
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The thesis is organized as follows: Chapter 1 starts with an introduction on nanoparticles. 

The relevance of the property-structure relationship is explained and the importance of 

understanding the growth mechanism is outlined. At the end of the chapter, an outlook and 

motivation of the thesis is provided, in which the main questions to be answered in this thesis 

are summarized and explained. In Chapter 2, a detailed introduction to the different imaging 

modes in TEM are reviewed, followed by the main principles of electron tomography. 

Thereafter the thesis can be roughly divided into two parts: investigation of homogeneous 

and heterogeneous nanoparticles. In both parts, a 3D characterization of nanoparticles is 

performed to gain a better understanding of their growth.  

The first part starts with Chapter 3, in which I will evaluate different techniques to visualize 

twinning planes in 3D. We conclude that a new methodology, referred to as multimode 

tomography, is the most optimal technique and I will present my contribution on the 

development of this new methodology to visualize twinning planes in Au nanoparticles in 

3D. Indeed, by using multimode tomography, which involves the simultaneous use of two 

detectors in a TEM, both the morphology and the twinning planes of Au nanoparticles can be 

investigated. It is only due to the development of this multimode approach that we are able to 

investigate growth mechanisms of different Au nanostructures in Chapter 4 and 5. Even 

more challenging is the aim to determine the position of a seed with respect to the twinning 

planes in nanoparticles synthesized by seeded growth. Here, a major difficulty lies in the 

visualization of the seed inside the final particle as it conventionally consist of the same 

chemical elements. This problem is overcome by incorporating a second chemical element in 

the seed, which can be used as a marker that facilitates the visualization by HAADF-STEM. 

In this manner, I have been able to investigate the influence of the composition and 

morphology of the seed on the final product. In Chapter 6, an outlook of two novel 
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techniques to investigate growth mechanisms of Au nanoparticles is provided. First, the 

acquisition of the multimode tomography approach is adapted to make the procedure less 

time consuming. Second, the investigation of Ag assisted growth of Au rods is performed by 

the use of a novel pixelated 4D detector. 

The second part of the thesis, concerning heterogeneous nanoparticles, starts with Chapter 7 

in which the growth mechanism of Au/FeOx nanoparticles is investigated. To understand the 

growth mechanism of these structures, it is of great importance to analyse the chemical 

distribution of both domains (Au and FeOx). For HAADF-STEM, the image intensity scales 

with the atomic number of the chemical components present in the investigated sample. 

Therefore, by HAADF-STEM tomography it is possible to distinguish between domains 

when they contain different chemical components. However, this technique is not able to 

detect the signal from samples with very divergent atomic numbers simultaneously. 

Therefore, the use of alternative techniques, such as energy dispersive X-ray (EDX) 

tomography or multimode tomography, emerges. It is only after determining the chemical 

distribution of all components that we are able to draw conclusions on the growth of the 

nanoparticles. Even though the combination of HAADF-STEM tomography and EDX opens 

up the opportunity to study heterogeneous materials, it fails to distinguish between chemical 

compositions that differ only in valency. Such nanoparticles will be investigated in Chapter 

8 with a recently developed direct spectroscopic tomography technique, in which electron 

tomography is combined with electron energy loss spectroscopy. It is through this method 

that I have been able to investigate the crystallographic facets and thereby the growth 

mechanisms of these materials. 
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1. Introduction to metallic nanoparticles 

1.1 Introduction to nanoparticles 

Nano-objects are objects with one or more dimensions below 100 nm, which is 100 million 

times smaller than 1 mm. Consequently, their dimensions are in a size regime between the 

macroscopic and atomic world. To put their size into perspective, different length scales are 

compared in Figure 1.1. Depending on the number of dimensions confined to the nanometer 

regime, nanomaterials can be divided into three main classes: 

 Nanomaterials of which the dimensions are confined in a single direction, such as thin 

films, are referred to as two-dimensional (2D) nanomaterials. 

 Nanorods and nanowires are examples of one-dimensional (1D) nanomaterials, which 

contain only one dimension of which the size is not restricted up to 100 nm. 

 Finally, so-called zero-dimensional (0D) nanomaterials or nanoparticles are materials 

of which all dimensions are confined to the nm regime. 

Nanoparticles exhibit unique and often size-tuneable properties compared to their bulk 

counterparts. For example, it is clear from Figure 1.2 that smaller particles contain a higher 

surface to volume ratio, which is beneficial for catalytic applications since catalytic reactions 

occur at the surface. 

 

Figure 1.1: Length scale illustrating the size range of nanomaterials. 
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Figure 1.2: Nanoparticles have a higher surface-to-volume ratio in comparison to larger 

particles. Indeed, the left image represents a schematic of a cube-shaped nanoparticle. It is 

clear that if the cube is divided into eight nanocubes the surface-to-volume ratio increases. 

Because a surface is energetically less favorable in comparison to the bulk phase and since a 

sphere has the smallest surface to volume ratio, small objects in nature tend to have a 

spherical morphology. Nevertheless, a lot of research is devoted to developing particles with 

different morphologies. The physical properties of nanoparticles heavily depend on their 

morphology, but also on the chemical composition and size. For example, nanoparticles 

consisting of several materials, which are so-called heterogeneous nanoparticles, exhibit 

different properties compared to homogeneous nanoparticles which consist of one material. 

In the remainder of this chapter, the property-structure relationship of homogeneous and 

heterogeneous nanoparticles will be discussed. Additionally, a brief introduction into the 

synthesis of such nanoparticles will be provided as well as a short overview of 

characterization techniques of nanoparticles. At the end of this chapter an outlook is provided 

containing the questions concerning the growth of homogeneous and heterogeneous 

nanoparticles that will be tackled in this thesis. 
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1.2 Applications of homogeneous nanoparticles 

Homogeneous nanoparticles are composed of a single type of material. Among them, metallic 

nanoparticles have received a significant amount of scientific attention due to their unique 

optical properties. Indeed, when confined to the nanoscale, metals exhibit so-called localized 

surface plasmon resonances (LSPR), which lead to strong absorption and scattering of light. 

Continuing progress on the synthesis of various morphologies of metal nanoparticles leads to 

the ability to tune these resonances over the whole ultraviolet (UV) to infrared (IR) 

spectrum
1
, which is illustrated in Figure 3.  

 

Figure 1.3: Dark field scattering spectra of single Ag nanoparticles are clearly related to their 

size and shape. Scanning electron microscopy images of nanoparticles with different sizes 

and morphologies and their corresponding scattering spectra are shown
2
. 

Since the properties of metal nanoparticles, but often also of non-metallic nanoparticles, are 

strongly related to their 3D structure, different morphologies may thus lead to new 

applications. For example, the ability to shift the plasmon resonance into the near-IR makes 

biological and medical applications feasible as human tissue absorbs least in that region of 

the electromagnetic spectrum and thus gets less damaged than by e.g. X-rays
3,4

. 

Consequently, metal nanoparticles can be e.g. used for locating tumors in the human body 
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and for local cancer treatment therapy. To reach this goal, tumor targeting ligands such as 

peptides, small organic molecules or antibodies, are adsorbed onto the surface of the 

nanoparticle
5
. After injecting the nanoparticles into a patient, these ligands will bind to their 

target cells (e.g. tumor cells). By illumination by laser light of a specific wavelength, yielding 

the resonance frequency of the nanoparticles, the tumor cells can then be located due to the 

scattering of the light by the nanoparticles
5
. Additionally, the metal nanoparticles heat up 

locally due to their absorption resonance and consequently the tumor cells can be destroyed. 

Since the heat generation is limited to the direct vicinity of the nanoparticle, healthy tissue 

does not get damaged
6
.  

Next to medical applications, it has been shown that noble nanoparticles are promising 

catalysts for a variety of chemical reactions, especially if they have an anisotropic shape, 

which is related to the increasing number of edges, corners and faces
3
. Thus, the relation 

between catalytic and optical properties to their structure is of fundamental importance in 

nanoscience. However, not only the morphology, but also structural defects such as twinning 

planes (Figure 1.4) can have a significant impact on the properties of metal nanomaterials, 

since they directly affect the physical properties. For example, point defects, such as oxygen 

vacancies, will influence the catalytic behavior
7
 and the presence of twinning planes will 

induce a decrease of the damping time for the radial breathing mode by a factor of three
8
. 

 

Figure 1.4: Schematic representation of a twinning plane. Atoms are presented in green. 
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1.3 Growth of homogeneous nanoparticles 

A fundamental goal in material science is to gain more control over the synthesis of metal 

nanoparticles with predetermined sizes and shapes. Although a large variety of geometries 

can already be obtained
9,10

, the underlying growth mechanisms are often not well understood. 

There are still many open questions to be answered before rational nanoparticle design can be 

achieved.  

Au nanoparticles are of high interest due to their optical properties that can be tuned through 

the size and shape of the nanoparticles
11

. Furthermore, Au nanoparticles are inert (stable 

ground state configuration 1s
2
 2s

2 
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6
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1
 4f

14
 5d

10
) which is 

beneficial for e.g. medical applications
12

. Au particles are most often synthesized in a liquid 

environment using a two-step synthesis called seed-mediated growth
1,13

. This method is 

capable of creating nanoparticles with a wider variety of morphologies
9,10

 in comparison to 

other synthesis techniques, such as pyrolysis
14

 or chemical vapor deposition
15

. In the first 

step, the so-called nucleation stage, seeds which are typically smaller than 5 nm are 

generated. This synthesis step starts from a Au precursor that, after for example heating, 

dissociates into a high concentration of Au atoms. When supersaturation is reached, the Au 

atoms will rapidly precipitate and nucleate into a Au seed
16,17

. When the atoms that form the 

seeds are “removed” from the solution, the concentration will drop below the supersaturation 

value and no further seeds are formed. In a next step, the atoms which are still present in the 

solution will grow on the surface of the seeds. Alternatively, the seeds can be added to a 

growth solution containing a Au precursor. Next to the precursor, different compounds are 

present in the solution, such as a reducing agent to stabilize the nanoparticles and other 

additives that will influence the end morphology (such as Ag
+
 ions, salicylic acid, oleic acid).  
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In order to obtain anisotropic metal nanoparticles, the growth rate of different facets of the 

seed is controlled through additives. In this manner, particles with different morphologies can 

be obtained. For example, adding different capping agents (citrate ions or polyvinyl 

purrolidone) during the synthesis of Pd nanoparticles will result in different morphologies. 

Citrate ions bind most strongly to the {111} facets of Pd, leading to the formation of 

octahedrons or cuboctahedrons
18

. In contrast, polyvinyl purrolidone is a capping polymer of 

which the oxygen atoms will bind most strongly to the {100} facets of Pd and thus favor the 

formation of nanocubes
18

. For Ag assisted growth of Au nanoparticles it is hypothesized that 

Ag ions are deposited on the {110} facets of Au and less at the {100} facets
19

. Therefore the 

seeds grow in the {100} direction, which results in the growth of a Au rod. Furthermore, 

when Au particles are grown in the presence of low ratio between the surfactant cetrimonium 

bromide (CTAB) and ascorbic acid (AA) ([CTAB]/[AA] = 2.6), atom deposition on the 

{111} facets of the seed is favored and cubic particles are obtained, whereas a higher ratio 

([CTAB]/[AA] = 5.3) results in hexagonal Au nanoparticles
20

. Clearly, investigation of the 

facets is often a strong tool for determining the growth mechanism
21

. Next to making use of 

ligands to produce anisotropic structures, it is known that a close relation exists between the 

size, shape and crystallinity (e.g. the presence of twins) of the seed and the end 

morphology
1,19,22

. For example, the presence of five twinning planes in a spherical seed 

provides the necessary pathway for symmetry breaking and enables forming a rod without the 

need of ligands
23

. This symmetry breaking is a result of considerable strain which originates 

from the incomplete filling of space when five tetrahedra (tetrahedra angle = 70.5°) are 

placed next to each other, as illustrated in Figure 1.5
23

. As a result, an atom located further 

away from the central axis will increase the strain and it is kinetically more beneficial to grow 

parallel to the central axis resulting in rod growth. Although the presence of twins in the seed 
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can empirically be exploited to obtain nanoparticles with morphologies that would otherwise 

not be feasible
24,25,26

, the exact mechanisms underlying the required symmetry breaking are 

often not well understood. In this respect, the ability to accurately visualize e.g. twinning 

planes in both the seed and in the final product is of great relevance. Furthermore, 

investigation of the position of the seed in the final product could also provide very important 

insights into the growth mechanism. However, this is not straightforward as the seed and the 

final product are typically built from the same chemical elements, e.g. Au@Au. 

 

Figure 1.5: Since the preferred angle between twin planes is 70.5°, five twin planes result in 

a 7.5° gap that is not filled. In order to close the gap, the 7.5° must be compensated for by 

strain in the lattice. The further away from the central axis (x = 5 nm vs. 3 nm) of the 

decahedra, the larger the expected strain in the lattice (compensate for x.tan(7.5°) = 0.66 nm 

vs. 0.39 nm). 

1.4 Applications of heterogeneous nanoparticles 

Combining more than one material in heterogeneous nanoparticles provides an additional 

way of tuning their physical and chemical properties. For example, the combination of the 

properties of individual materials may lead to new applications and/or synergistic effects, 

which can be exploited to solve more complex tasks or enable novel applications
27,28

. For 

example, heterogeneous nanoparticles composed of a dye-doped silica core and magnetic 
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FeOx shell show improved fluorescence and magnetism and are highly interesting for 

multimodal detection
29

. However, one needs to take care that the combination of different 

materials will not lead to deteriorated functionalities.  

The properties of heterogeneous nanoparticles are heavily influenced by the arrangement of 

the different atoms. The mixing and atomic ordering of, for example, two chemical elements 

A and B depends on different factors such as the relative strength of A-A, B-B and A-B 

bonds. When A-B bonds are strongest, mixing of the elements is favoured, else element 

segregation is favoured
30

. Furthermore, the element with the lowest surface energy tends to 

segregate to the surface, from which core/shell structures can originate. Depending on how 

the elements mix in heterogeneous nanoparticles, alloys, core/shell nanoparticles or Janus 

nanoparticles are obtained. These three common types of heterogeneous nanoparticles are 

explained in more detail in the following three subsections. 

1.4.1 A first type of heterogeneous nanoparticles: alloys 

The most common type of heterogeneous nanoparticles are alloys. These materials combine 

multiple chemical elements in one crystal structure. The different types of atoms can be 

ordered or randomly distributed as shown in Figure 1.6b-c. The chemical and physical 

properties of alloys may be tuned by varying the composition, atomic ordering, or size of the 

alloy
30

. For example, in comparison to the LSPR of pure Au (530 nm) or Ag (400 nm) 

nanoparticles, Au-Ag alloys enable tuning of the resonances between 530 and 400 nm
31,32

. 

Another example are alloyed clusters of Au and Pd, which exhibit improved catalytic 

behavior compared to the single-component systems and are hence used in automobile 

catalytic converters
33,34

. The combination of the partially filled d band of Pd and the 

completely filled d band of Au, gives a novel electronic structure, which may be responsible 

for the frequently observed unique catalytic behavior of Au-Pd alloys
35

. 
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Figure 1.6: a) Homogeneous crystal structure, b) crystal structure of ordered alloy and c) 

crystal structure of random alloy. 

1.4.2 A second type of heterogeneous nanoparticles: core/shell nanoparticles 

In core/shell nanoparticles, the different elements are segregated spatially. Different classes 

of core/shell nanoparticles are shown schematically in Figure 1.7. In the most common case, 

the core and the shell have the same morphology (Figure 1.7a), but differently shaped 

core/shell nanoparticles (Figure 1.7b) can be synthesized, in which the core and the shell do 

not have the same morphology
36

. Also, multiple shells can be deposited one-by-one on the 

core, resulting in so-called multi-layered nanoparticles (Figure 1.7c). By appropriate choice 

of structure and composition the combination can be applied to enable band engineering, 

resulting in unconventional behavior regarding the optoelectronic properties
37

. A multi-shell 

structure is for example used to have a more gradual change of the composition between a 

CdSe core and the shell (from CdS to ZnS), which has been shown beneficial for band 

engineering and results in enhanced fluorescence quantum yield
38

. Furthermore, a more 

gradual change in lattice composition will result in nanoparticles with reduced strain
38

. 
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Figure 1.7: Different types of core/shell and Janus nanoparticles: a) concentric core/shell 

nanoparticle, b) differently shaped core/shell nanoparticle, c) multi-layered nanoparticle, d) 

symmetric Janus dumbbells, e) asymmetric Janus dumbbells and f) attached nodes. 

Core/shell nanoparticles can be exploited as highly functional materials with superior 

properties compared to the single-component systems
36

. For example, core-shell FeOx 

nanoparticles containing a highly magnetic iron(oxide) core surrounded by a different, 

biocompatible type of FeOx in the shell, are promising materials for different biomedical 

applications, such as contrast agents in magnetic resonance imaging (MRI)
39

, magnetic 

hyperthermia
40,41

 and drug delivery
40

. Furthermore, core/shell Fe/Au nanoparticles have a 

small lattice mismatch 
42

. In this manner, a magnetic core is combined with a biocompatible, 

chemically inert, and easily functionalized shell, making them promising candidates for 

biomedical applications. As another example, bimetallic Au/Ag core/shell nanostructures 

exhibit superior properties to Ag and Au nanoparticles. Ag is attractive for its electrochemical 

and optical applications
43

, whereas Au is chemically stable, biocompatible and its surface is 

easy to modify
44

. When both are combined in a core/shell morphology, the Ag shell provides 

the optical properties and the Au core provides chemical stability. Alternatively, when a Au 

shell is deposited on a Ag core, targeting molecules can be immobilized on the biocompatible 

Au surface and the core/shell nanoparticles are used for electrochemical aptasensing of 
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bacterial cells
45

. The physical properties of metallic core/shell systems can be further 

modified by changing either the constituting materials or the core to shell ratio. For example, 

it has been shown that optical resonances of nanoparticles can be tuned by varying the 

relative dimensions of the dielectric core and metallic shell in e.g. SiO2/Au and Au/Ag 

core/shell nanoparticles
46,47

. 

1.4.3 A third type of heterogeneous nanoparticles: Janus nanoparticles 

Special interest among heterogeneous nanoparticles has been devoted to Janus particles, 

named after the two-faced Roman God Janus. These nanoparticles present two chemically 

different surface domains, which make them particularly interesting in applications in which 

a spatial separation of functionalities is required
48,49,50

. In comparison to core/shell 

nanoparticles, an even higher control over the synthesis is required to ensure spatial 

seperation
50

. Most of these particles have a symmetric morphology (for example a Janus 

dumbbell which is shown in Figure 1.7d), which means that both chemical domains have the 

same morphology. However, by breaking the symmetry of these particles (Figure 1.7e-f) their 

properties can be tuned even further
50

. For example, it is hypothesized that the energy transfer 

between Au and MnO will change when the size ratio between both domains changes 

resulting in a shift of the absorption maximum toward higher wavelengths when increasing 

the MnO domain
51

. 

De Gennes was one of the first to point out the significance and potential of Janus 

nanoparticles in his Nobel lecture entitled “Soft Matter” in 1991
52

. In the original version, 

Janus nanoparticles combined hydrophobic and hydrophilic functionalities. A compound that 

contains a hydrophobic and a hydrophilic part is called amphiphilic. Therefore, nanoparticles 

with an amphiphilic character are so-called ‘‘nanoamphiphiles’’. Such nanoparticles are 

interesting as they are often used to stabilize liquid/liquid, mostly oil/water, interfaces thereby 
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creating stable emulsions
53,54

. Common amphiphilic substances are soaps (Figure 1.8), 

detergents and lipoproteins. Recently, Janus nanoparticles are comprised of a wide variety of 

different chemical elements to make them useful in a wide variety of applications
50

. One 

example is the electron transfer across the interface of dumbbell-shaped Au/Fe3O4 Janus 

particles, giving rise to oxygen vacancies on the interfacial oxide support that become active 

sites for oxygen absorption
55,56

 and are ideal for catalysing H2O2 reduction
57

. Furthermore, 

the nanocontact between Au and Fe3O4 in the dumbbells results in a red-shift of the surface 

plasmon of Au and an increase in the magnetization of Fe3O4 in comparison to homogeneous 

nanoparticles of the same size
58

.  

 

Figure 1.8: Soap has a hydrophilic and a hydrophobic end. Therefore, in an aqueous solution 

they will form a micellar structure with the hydrophilic part pointing outwards. The micellar 

structure will contain hydrophobic dirt, such as fat or oil, in its center. 

1.5 Growth of heterogeneous nanoparticles 

Similar to homogeneous nanoparticles, a wide variety of synthetic techniques exists to obtain 

different morphologies. As an example, in the following sections I will focus on the growth 

of core/shell and Janus nanoparticles as these will be further investigated in this thesis. 

1.5.1 Growth of core/shell nanoparticles 

The synthesis of core/shell nanoparticles most often starts with the synthesis of the core 

followed by the overgrowth of the shell. Similar to homogeneous nanoparticles, the growth 

direction of the shell can be controlled by using e.g. a suitable capping agent or a block 
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polymer
27

. For example, the molar ratios between oleic acid and oleylamine was used to 

control the competitive growth rates of {111} and {100} facets in FeOx nanoparticles and 

will determine the final shape of the nanoparticle
59

. In this specific study, a molar ratio of 1 

resulted in cubic nanoparticles whereas spherical particles were obtained when the ratio 

equals 0.5. Furthermore, depending on the growth speed of the shell, all facets will grow 

equally fast (fast growth) or growth on specific facets will occur (slow growth), resulting in 

concentric or asymmetrically shaped core/shell morphologies, respectively. For example, 

when synthesising core/shell SiO2/Ni nanoparticles, the reaction speed can be influenced by 

changing the reaction temperature and ageing time, resulting in a spherical, star-shaped or 

flower-shaped Ni shell
60

. In a different example, a cubic, cuboctahedral or octahedral Cu2O 

shell can grow on a Cu core depending on the concentration of the CuSO4 precursor
61

. 

1.5.2 Growth of Janus nanoparticles 

The growth of spatially separated material can be achieved by different synthetic techniques. 

One technique uses self-assembled polymers to produce Janus particles. For example, when a 

mixture of AB and BC copolymers (with A, B and C polymers) is placed in a solution in 

which the B polymer is insoluble, micelles are produced with a B core. When A and C are 

incompatible, the micellar structure will have a spatial separation of both polymers and a 

Janus morphology is obtained
50

. 

 

Figure 1.9: When AB and BC copolymers are placed in a solution in which the B polymer is 

insoluble, micelles are produced with a B core
50

. 
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A second technique, which is most often applied, will use consecutive seed-mediated growth 

steps to synthesize Janus nanoparticles. This synthesis is similar to the seed-mediated growth 

of homogeneous nanoparticles, but the materials in the nucleation and the growth step differ 

from each other. When the growth step is slow, the second material will be deposited on 

preferential facets of the seed. Therefore, the seed is partially uncovered and both the seed 

material and the overgrown material are located at the surface. Of course this method is only 

possible when preferential facets are present, else all facets will be covered and a core/shell 

morphology is obtained. This method is used to grow Au on the tips of CdSe rods and 

tetrapods
62,63

. A second example is Au/FeOx dumbbells prepared by a seed mediated growth 

procedure. First a Au seed is prepared, thereafter Fe(CO)5 is decomposed over the surface of 

the Au seeds. As Fe atoms grow only on one facet of the Au seed, in order to minimize the 

lattice mismatch, a Janus morphology is obtained
64

.  

1.6 Characterization of nanoparticles 

The properties of nanoparticles are strongly related to their shape, size and chemical 

composition
1,65

. In order to understand the synthesis-structure and structure-property 

relations, a thorough structural and chemical characterization of the nanoparticles is 

mandatory. Here, I will present an overview of some common techniques used to investigate 

nanoparticles. 

1.6.1 Scattering techniques 

Many scattering techniques are available to investigate nanoparticles, such as X-ray 

diffraction and dynamic light scattering. X-ray diffraction
66

 is a technique in which X-rays 

are scattered toward specific angles by interacting with the lattice planes of the sample. 

Therefore, an X-ray diffraction pattern is a fingerprint of the atomic arrangement of a given 

material and provides information such as the crystal structure, preferred crystal orientation, 
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strain and crystal defects. Another commonly used technique to investigate nanoparticles is 

dynamic light scattering
67

 in which the sample is illuminated by a laser beam and scattered 

light is detected by a fast photon detector. Since the scattering angle depends on the size of 

the nanoparticles, a mean size distribution can be obtained. Both techniques investigate many 

nanoparticles simultaneously, giving averaged information, but often local knowledge is 

required, in which case microscopy is mandatory. 

1.6.2 Imaging techniques 

A common imaging technique to investigate nanoparticles with a resolution down to 1 nm is 

scanning electron microscopy (SEM)
68

. The region of interest is scanned by a focused beam 

of electrons. An electron from the beam (primary electron) can remove an electron of the 

sample from its orbit (secondary electron). The latter is attracted by a secondary electron 

detector positioned within a few nm of the specimen. An image in which the brightness is 

related to the number of secondary electrons reaching the detector can be formed. Since the 

amount of secondary electrons depends on the interaction volume, steep surfaces and edges 

will appear brighter in comparison to flat surfaces. Alternatively, elastically scattered 

electrons can be detected by a backscattering detector. This signal will depend on the atomic 

number of the specimen, as a higher atomic number will result in more backscattered 

electrons. Since these electrons contain much higher energies, the detector will be placed 

further from the specimen. It is clear that SEM can provide both topographic and 

compositional information. However, as the primary electrons can only interact with the 

surface of the sample, the interior cannot be investigated. 

A technique that enables the local investigation of the internal structure of nanoparticles with 

a better resolution in comparison to SEM is transmission electron microscopy (TEM)
69

. TEM 

has become a standard technique to investigate the local structure of nanomaterials as will be 
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explained in Chapter 2. However, TEM conventionally only provides a 2D projection of a 

three-dimensional (3D) object. When investigating the structure of nanoparticles in 3D, 

electron tomography (TEM expanded to 3D) is required. However, electron tomography is 

much more time consuming in comparison to 2D imaging. Therefore, 2D imaging is often 

first applied to draw more general conclusions, such as gaining insight concerning the 

monodispersity of the sample. However, it would be optimal to have statistical information in 

3D and therefore improving the throughput of electron tomography is of high interest. The 

increasing complexity of nanomaterials has driven the development of even more 

sophisticated characterization techniques, in which tomography is combined with e.g. energy 

dispersive X-ray spectroscopy (EDX)
70,71

 and electron energy loss spectroscopy (EELS)
72

. In 

this manner, the 3D investigation of the morphology, composition and valency in 

nanomaterials has become possible. A more detailed introduction into these techniques can 

be found in the next chapter. 

1.7 Outlook and motivation for the thesis 

The growth of nanoparticles is not yet well understood and novel characterization techniques 

are required to provide the necessary insights. Advanced electron microscopy can help to 

visualize facets and crystallographic features such as twinning planes and can thus shine light 

on the growth mechanism of nanoparticles. Throughout this thesis, different functional 

nanoparticles are characterized in 2D and 3D with electron microscopy to investigate some 

material relevant features, such as visualizing structural defects, distinguishing between 

multiple chemical components and determining the valency. In this manner we can gain more 

insight into their growth mechanism, which is the main goal of this thesis. The thesis is 

divided into two main parts: 3D characterization of homogeneous (part 1) and heterogeneous 
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(part 2) nanoparticles. The main aim of the thesis is to obtain a better understanding of their 

growth. 

In the first part of this thesis, concerning homogeneous nanoparticles, mainly pentatwinned 

Au nanoparticles are investigated. For pentatwinned Au nanoparticles, two different growth 

mechanisms have been reported
26,73

. The first pathway involves the nucleation of a twinned 

seed and its subsequent overgrowth in a layer-by-layer fashion, in which case the seed would 

be positioned at the connection point of the twinning planes (Figure 1.10a). Alternatively, 

starting from a single-crystalline seed, twin defects can be developed during overgrowth, 

finally resulting in a twinned structure, in which case the seed can be at a random position in 

the overgrown structure (Figure 1.10b). Furthermore, it has been shown that the size and the 

morphology of the seed will influence the morphology of the overgrown structure
74,75

. To 

gain insight into the growth mechanism, we need to enable the visualization of both the seed 

and twinning planes. 

 

Figure 1.10: Schematic representation of different locations of the Au seed inside a 

pentatwinned Au nanoparticle. 

Furthermore, branched pentatwinned Au nanoparticles (Figure 1.11) are investigated as the 

branches will result in high electric field enhancement at the tips
76,77

, rendering them highly 

effective as surface-enhanced Raman scattering (SERS) nanoprobes
78

. When branched 

nanoparticles are grown from seeds without planer defects, it is known that branch growth 
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initiates from seed vertices (Figure 1.12)
79

. However, branch growth from pentatwinned 

seeds remains uninvestigated. 

 

Figure 1.11: Example of a Au nanoparticle without branches (a) and a branched Au 

nanoparticle (b) investigated in this thesis. 

 

Figure 1.12: Schematic representation of equatorial and axial vertices of a rod shaped seed. 

Next to pentatwinned Au nanoparticles, also single crystalline Au rods are investigated. For 

Ag assisted growth of Au rods, it is unclear if the Ag ions are reduced during the growth. 

This is important as the presence of Ag will influence the optical properties, such as a red-

shift of the plasmon band
32,80

. Furthermore, by locating Ag ions in the Au rod one could gain 

important insight into the growth of these systems. Indeed, we could support or revoke the 

hypothesis that Ag ions are deposited on the {110} facets of a single crystalline seed, which 

is thought to be the origin of rod growth
19

. In a previous experimental study, EDX and EELS 

did not reveal any silver in the final Au rod, but ICP-mass spectroscopy revealed the presence 

of 4.5% Ag
81

. To summarize, in the first part of the thesis I aim to answer the following 

questions: 
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 What is the growth mechanism for pentatwinned nanoparticles and does the size of 

the seed influence the growth mechanism?  

 Where does the growth of the branches initiate when starting from a pentatwinned 

seed? 

 Is Ag present in Au rods grown by Ag assistance? If so, where is it located? 

The second part of the thesis, containing heterogeneous nanoparticles, can be further divided 

into the investigation of Janus nanoparticles and core/shell nanoparticles. The Janus 

nanoparticles investigated in this thesis are composed of a FeOx sphere and a Au star (Figure 

1.13). These Janus nanoparticles are obtained by first synthesizing Au/FeOx dumbbells 

(Figure 1.13), which results in enhanced magnetic properties of FeOx, but unenhanced 

plasmon absorption of Au. These Au/FeOx dumbbells are used as seeds and an additional 

growth step of the Au sphere toward a star is performed. To preserve the Janus character, the 

Au domain should grow without covering the Fe domain. To confirm this, the Janus particles 

are investigated by TEM. However, it is not straightforward to investigate these structures 

due to the large difference in atomic number Z between Au and Fe. The aim of the additional 

growth step is to enhance the plasmonic absorption of the Au domain in comparison to 

Au/FeOx dumbbells, while maintaining the magnetic properties of FeOx. If both the magnetic 

and optical properties are enhanced, these nanoparticles are promising contrast agents in 

biomedical imaging such as MRI
82

 and computed tomography (CT)
83

. Furthermore, the 

morphology of Janus particles synthesized with a different molar ratio between [Au] and [Fe] 

is investigated and linked to the optical properties. 

In many promising applications, such as photothermal cancer therapy, Au nanoparticles are 

irradiated with a (pulsed) laser
84

. In such applications the Au nanoparticles are slightly 

heated
85,86

 and it has been observed that morphological changes might occur
87,88

. As the 
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optical properties are related to the morphology of the nanoparticles it is of key importance to 

investigate possible heat induced morphological changes. 

 

Figure 1.13: Schematic illustrations of Au/FeOx Janus dumbbells, Au/FeOx star/sphere Janus 

nanoparticle and a micellar cluster of the latter. 

Recently, assemblies of Au/FeOx dumbbells Janus structures have been obtained with 

enhanced SERS, photoacoustic and magnetic properties
89

. Therefore, in a next synthetic step, 

the Au/FeOx Janus particles are functionalized, making the Au hydrophobic and the FeOx 

hydrophilic. The aim is to obtain micellar clusters (Figure 1.13) by self-assembly of multiple 

of these functionalized Janus nanoparticles. Similar to the Au/FeOx dumbbells, it is expected 

that the interaction between the Janus nanoparticles inside one micellar cluster will further 

enhance the optical and magnetic properties. The main questions answered in this thesis, 

related to the investigation of Janus nanoparticles, are: 

 Does the growth of the Au domain of Au/FeOx nanodumbbells preserve the Janus 

character of nanoparticles? Can the [Au]/[Fe] ratio influence the morphology of the 

Au domain and can it be used to gain control over the optical properties? 

 Does the morphology of the nanoparticles change upon heating? 
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 Will the functionalization of the star shaped Janus nanoparticles result in self-

assembled micellar clusters? 

Next to Au/FeOx Janus nanoparticles, the part on heterogeneous samples in this thesis focuses 

on multiple FeOx nanoparticles. It is known that nanoparticles obtained by thermal 

decomposition of iron precursor (Figure 1.14) are expected to have an antiferromagnetic 

FeOx core and a different FeOx phase, which is ferrimagnetic, in the shell
90

.  

 

Figure 1.14: Thermally instable iron-acetylacetonate (iron precursor) starts to decompose 

when increasing the temperature above 100°C to produce acetone, carbon dioxide and FeOx. 

When the concentration reaches supersaturation, nucleation into a core/shell seed will 

occur
51

. 

It has been shown that core/shell antiferromagnetic/ferrimagnetic nanoparticles have a lower 

heating efficiency in comparison to nanoparticles with an increased ferrimagnetic phase
91

, 

which is an important parameter for hyperthermia cancer treatment
92,93

. The shell structure is 

typically an oxidized version of the core. Therefore, in a first investigation the nanoparticles 

obtained after decomposition of ironoleate (FeOA) are thermally treated to ensure oxidation. 

In a second investigation, core/shell FeOx nanoparticles are synthesized using a novel 

precursor (FeCO3). In comparison to conventional precursors, such as FeCl3, no different 

ions, such as chloride, will influence the growth procedure
94

. It is known that the precursor 

will influence the competitive growth rates of the {111} and {100} facets and thereby will 

influence the morphology and thus the physical properties of the nanoparticles. Therefore, it 
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is of key importance to determine the surface facets of the nanoparticles and to gain insight 

into the growth of these iron structures. Such an investigation is only possible when the 

morphology and the crystal structure of both the core and the shell are determined. Here, the 

main challenge is to determine the valency of Fe, which will strongly influence the magnetic 

properties. Indeed, when we compare maghemite to magnetite, two different phases of FeOx 

with a very similar crystal structure but different valency of iron, they have a clear difference 

in saturation magnetization as shown in Figure 1.15. The main questions in this thesis related 

to the investigation of core/shell nanoparticles are:  

 What is the influence of post-synthesis thermal treatment of core/shell nanocubes on 

e.g. the SAR, the crystal structure, and the morphology? 

 How does the novel FeCO3 precursor and post-synthetic heating influence the 

competitive growth rates of {111} and {100} facets and therefore which morphologies 

can be obtained? 

 

Figure 1.15: Magnetization curves measured for a maghemite and a magnetite 

nanoparticles using a Faraday Balance
95

. 
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Chapter 2  

Introduction to transmission electron 

microscopy and electron tomography 
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2. Introduction to transmission electron microscopy and electron 

tomography 

2.1 Introduction to transmission electron microscopy 

2.1.1 A brief history of transmission electron microscopy 

Since the human eye is not capable of seeing small objects (<0.1 mm), the first optical 

microscopes were built around the turn of the 15
th

 century. The resolution of these was 

limited by the wavelength of visible light (400-700 nm) and according to Ernst Abbe it is 

approximately a 1000 times better compared to the human eye. This is clear from Abbe’s law 

in which the resolution d is described by the equation: 

d =
λ

2n sinθ
=

λ

2NA
 

with λ being the wavelength of visible light, n the refractive index of the viewing medium, θ 

the semi-angle of collection of the objective lens and NA the numerical aperture of the 

objective lens, which is typically around one
96

. In this manner, we find a theoretical 

limitation of 300 nm. 

It is clear that the resolution of the optical microscope was insufficient to see nanoparticles, 

until Ernst Ruska provided us with a solution in 1930. He stated that a TEM could be built 

using the same principles as an optical microscope with the glass lenses being replaced by 

electromagnetic lenses, and replacing photons by electrons
97,98

. The wavelength of 

accelerated electrons in a TEM is approximately 2 – 4 pm, which is 100,000 times smaller 

than the wavelength of visible light. In practice, we need to take into account aberrations (e.g. 

spherical, chromatic, astigmatism) of the electromagnetic lenses, resulting in a more realistic 

resolution of 1 – 2 Å. To increase the resolution, much effort was put into correcting these 
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aberrations. Spherical aberration is the most prominent one and is caused by a focus 

difference for electrons which deviate from the optical axis. Over the last 20 years, the use of 

spherical aberration correctors
99,100

, using an additional set of hexapole or octupole lenses, 

has enabled resolutions up to the sub-angstrom regime
101

. The idea of a TEM by Ruska was 

rewarded with the Nobel Prize in Physics in 1986, half a century later than the 

commercialisation of his idea by Siemens and Halske in 1939. 

2.1.2 The build-up of a transmission electron microscope 

The TEM column, shown in Figure 2.1, can be divided in three main parts: the illumination 

system, the objective system and the imaging system. The illumination system consists of the 

electron gun and the condenser lenses. Electrons are generated by the electron source, which 

can be either a thermionic gun or a field emission gun, which is currently used more often. 

The condenser lenses are responsible for tuning the size, the intensity and the convergence 

angle of the electron beam. Here, a condenser aperture can be inserted to select the electrons 

that follow a path close to the optical axis, reducing the aberrations caused by the condenser 

lenses. Underneath the condenser system, the specimen is mounted in a dedicated sample 

holder. The specimen stage is a part of the objective system, since it is located in between the 

pole pieces of the objective lens. The objective lens focuses the electrons exiting from the 

specimen in the back focal plane of the objective lens to form a diffraction pattern. The 

interference of the diffracted beams forms an enlarged image of the specimen in the image 

plane of the objective lens. Similar to the condenser system, aberrations of the objective lens 

can be reduced by using an objective aperture which is placed in the back focal plane of the 

objective lens. Additionally, it can be used to select specific diffraction spots in the 

diffraction pattern to enhance the contrast in the real space image. In the image plane of the 

objective lens, a selected area diffraction aperture can be inserted to select a region of 
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interest. Underneath the illumination system and the objective system, the imaging system is 

located where several lenses will form the final magnified projection image of the specimen 

in real space or in reciprocal space. This image can be visualized with a fluorescent viewing 

screen or a charged coupled device (CCD) located at the bottom of the TEM. 

 

Figure 2.1: Schematic overview of a TEM and its most important components. 
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2.1.3 Different imaging techniques 

Bright field and dark field transmission electron microscopy 

The sample can be illuminated by a parallel beam of electrons. The electrons transmitted 

through the sample are projected onto a viewing screen. With increasing sample thickness, 

the amount of transmitted electrons will decrease as more electrons will scatter toward higher 

angles. Therefore, for amorphous samples, thicker regions will appear darker in the image, 

and contrast is related to the thickness of the sample (absorption contrast). However, for 

crystalline samples, most of the electrons are Bragg scattered (diffraction contrast). Here, 

electrons may either pass through the sample without being scattered or may be diffracted 

away from the optical axis according to Bragg’s law. By choosing the position of the 

objective aperture, either the direct beam or a diffracted beam can be used to form the image. 

These techniques are referred to as bright field (BF) and dark field transmission electron 

microscopy (DF-TEM) imaging, respectively. A schematic set-up of the microscope in BF-

TEM and DF-TEM imaging mode is shown in Figure 2.2. 

 

Figure 2.2: Schematic setup of the microscope set-up for BF- and DF-TEM imaging. 
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Scanning transmission electron microscopy 

The lenses of the illumination system can focus the electron beam into a fine probe (~1Å). In 

scanning transmission electron microscopy (STEM), this focused beam is scanned over the 

sample by scanning coils located underneath the condenser system. In this manner, the 

sample is scanned line by line and at each pixel the electrons that pass through the sample are 

collected on a detector. Depending on the collection angle of the detector, a variety of signals 

can be acquired. A schematic set-up of the microscope in STEM imaging mode is shown in 

Figure 2.3.  

 

Figure 2.3: Schematic diagram of the microscope setup for STEM imaging. Depending on 

the convergence angle and the camera length (cl), electrons are detected on the HAADF, 

ADF and/or BF detector. 

Transmitted electrons collected close to the optical axis result in a bright field signal. These 

electrons have either been inelastically scattered to very small angles, lower than the 

convergence semi-angle, or have not been scattered at all. This imaging mode is comparable 

to TEM since diffraction contrast will be present. 
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By using an annular detector, electrons scattered off axis are collected. Depending on the 

convergence angle (θconv in Figure 2.3) and the inner and outer collection angle (θin and θout) 

of the detector, coherent or incoherent scattered electrons are collected. When the inner 

collection angle of the detector is large, more than three times the convergence semi-angle, 

no Bragg diffracted (incoherent) electrons are collected. This high angle annular dark field 

(HAADF) signal is proportional with the atomic number Z
 

of the elements under 

investigation and the thickness of the sample
102

. However, in this manner, diffraction 

contrast, which typically yields information on the presence of defects, is lost. When such 

information is required, the collection angle of the detector can be adjusted in such a manner 

that both coherent and incoherent scattered electrons are collected. The lower the inner 

collection angle, the more diffraction contrast is included in the images. Depending on the 

convergence angle and inner collection angle the images are referred to as HAADF-STEM 

(θconv ≈ 3θin), MAADF-STEM (θconv ≈ 2θin) or LAADF-STEM (θconv ≈ θin)
103,104

. In modern 

TEM instruments, multiple (HA)ADF detectors are available and their collection angles can 

be further tuned by changing the camera length (cl) of the annular detector. 

Energy disperse X-ray spectroscopy 

A schematic overview of so-called energy dispersive X-ray spectroscopy (EDX) is provided 

in Figure 2.4. At rest, an atom within the specimen contains ground state (unexcited) 

electrons in discrete energy levels (shells) bound to the nucleus. The incoming electron beam 

can excite an inner shell electron, ejecting it from its shell. This state of the atom is 

energetically less favorable in comparison to the ground state, so an electron from a higher 

energy shell will fill the vacancy of the missing electron. The difference in energy between 

the higher energy shell and the lower energy shell is element dependent and may be released 

as an X-ray. The number of emitted X-rays and their energy can be measured by an energy 
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dispersive spectrometer. EDX can be combined with STEM to obtain 2D elemental maps, by 

selecting an energy window around the X-ray peak characteristic for a specific element. 

 

Figure 2.4: Principle of X-ray generation and example of an EDX spectrum. 

Electron energy loss spectroscopy 

Both in TEM and STEM mode the incoming electrons can scatter elastically and inelastically 

when interacting with the specimen. As illustrated in Figure 2.5, the scattered electrons 

undergo an energy loss, dependent on the elemental composition and the valency of the 

sample under investigation. During an electron energy loss spectroscopy (EELS) experiment, 

the scattered electrons are deflected by a magnetic prism. The radius of the deflection is 

energy dependent, leading to an energy dispersive plane. A CCD is placed in this plane to 

record the energy loss of the scattered electrons. In this manner, the distribution of chemical 

elements, but also different features such as plasmon excitations, can be investigated. An 

energy selecting slit can be inserted in the energy dispersive plane to select the energy loss 
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related to a specific chemical element. In this manner, the intensity in each pixel is related to 

the amount of this specific chemical element. This technique is referred to as energy filtered 

TEM (EFTEM). Similar to EDX, the technique can be combined with STEM to obtain 

elemental maps. 

 

Figure 2.5: Principle of energy loss and an example of an EELS spectrum. 

2.2 Introduction to electron tomography 

2.2.1 From 2D to 3D 

TEM and STEM have become standard techniques to investigate the structure of 

nanomaterials. However, these techniques only provide a 2D projection of a 3D object and 

can therefore be very misleading. For example, a cube and a cuboid can lead to the same 

projection image along certain directions. When investigating the structure of nanoparticles in 

3D, electron tomography is required. Hereby, a tilt series of projection images is acquired 

over an angular range that is as large as possible. Next, these images are aligned and serve as 

an input for a mathematical reconstruction algorithm to compute the 3D reconstruction. The 

principle of electron tomography is schematically presented in Figure 2.6. Since the turn of 

the century, electron tomography has been used to investigate the 3D morphology of a broad 

range of nanomaterials
105,106,107

. 
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Figure 2.6: Principle of electron tomography in which the specimen is tilted over an angular 

range of ±76°, while acquiring images every 2° (left). A reconstruction of the original object 

is obtained by back-projecting the acquired images using a mathematical algorithm (right). 

2.2.2 A brief history of electron tomography 

The mathematical basis of tomography was outlined by the mathematician Johann Radon 

who explained the principles behind the technique in his paper published in 1917
108

. Half a 

century later, the first practical tomography scanner was realized. The device used X-rays for 

image formation and was called a computed axial tomography (CAT) scanner. For his 

accomplishment, Hounsfield received a shared Nobel Prize in medicine in 1979
109

 together 

with Cormack, who developed the mathematical foundation
110

. Around the same time as the 

invention of the CAT scan, the first combination of tomography with electron microscopy 

was established. In 1968 three research groups published the theoretical principles of electron 

tomography
111,112,113

. Still, it took more than a decade before electron tomography was used 

for the first time in biological science. The reason for this is related to beam damage, the 

absence of dedicated tomography holders and the lack of computational power. It took 

another 30 years before tomography was widely used in materials sciences as well. This is 
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mainly due to the violation of the projection requirement, stating that the intensity of the 

acquired images should be a monotonic function of a certain property of the sample under 

investigation. In materials science, specimens are often crystalline and diffraction contrast 

becomes dominant in BF-TEM. A solution is the combination of electron tomography with 

annular detectors
105

.  

2.3 Tomography in practice 

2.3.1 Imaging techniques for electron tomography 

The most common imaging technique to investigate crystalline samples by electron 

tomography is HAADF-STEM
106,114,115

. For thin samples (< 20nm), this technique fulfils the 

projection requirement, since the intensity in the projection images then scales with the 

thickness of the sample under investigation
105

. Additionally to the thickness, the intensity is 

also proportional to the atomic number. In this manner not only structural, but also chemical 

information can be obtained in a qualitative manner
116

. 

Alternatively, EDX and EELS may be applied to generate projections that can be used as an 

input for a tomographic reconstruction, since there is also a monotonic increase of the signal 

with the thickness
70,117

. In the past, the main limitation for EDX tomography has been the 

inefficiency of the detector-sample geometry. The EDX detector was positioned under a 

specific tilt angle with respect to the specimen (Figure 2.7a). In this manner, only a narrow 

tilt of the sample holder resulted in the detection of EDX signal, mainly when the specimen 

was tilted toward the detector. At other angles, shadowing caused by the holder and/or 

specimen prevented part of the generated X-rays to reach the detector. To overcome this 

limitation, needle-shaped samples were often used
118,119

. In 2010, a novel detector geometry 

became available, in which 4 EDX detectors are symmetrically arranged around the sample 
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(Figure 2.7b). In this manner, shadowing effects are reduced
120

, enabling the efficient 

acquisition of EDX tomography series. 

 

Figure 2.7: Conventional EDX detection system (a) versus the Super-X detection system (b). 

A HAADF-STEM image can be acquired while detecting the generated X-rays. 

Tomography can also be combined with EFTEM where electrons of a particular element-

specific energy loss are selected using an energy slit. The technique has been used for the 

first time in 2001 to study Y2O3 particles in polycrystalline FeAl matrix.
121

 A major 

disadvantage is that only one energy loss range can be imaged at the same time. This can be 

overcome when 2D elemental maps are obtained by combining EELS with STEM. This 

technique is used to investigate the 3D composition of different nanostructures
122,123

. 

Moreover, spatially resolved EELS was combined with tomography to determine the valency 

in ceria nanocrystals supplementary to the chemical composition
124

. Furthermore, the fine 

structure of monochromated EELS was used to image the distribution of localized surface 

plasmon resonance modes in Ag nanocubes
125

. 
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2.3.2 Acquisition of a tilt series 

An electron tomography experiment starts with the acquisition of a tilt series of multiple 

projection images. The previous section summarized different TEM modes to acquire the 

projection images. Generally, the acquisition is performed using a dedicated single tilt 

tomography holder. Images are acquired over a tilt range as wide as possible with a constant 

tilt increment of typically 2°. At high tilt angles, two problems occur: the shadowing of the 

holder onto the specimen and the holder being blocked by the polepieces of the objective 

lens. A tomography holder is designed to decrease both effects in comparison to a regular 

double tilt holder (Figure 2.8). In the ideal case, images should be acquired from -90° to 

+90°, but even with the special design a maximum tilt angle of only ±80° can be obtained. 

This wedge of missing information results in artefacts in the reconstruction such as blurring 

and elongation of the reconstruction in the direction of the optical axis. The effect of this so-

called ‘missing wedge’ artefacts is clear from Figure 2.9. 

 

Figure 2.8: a) FEI double tilt holder which can be tilted ±35° between the polepieces of the 

electron microscope. b-c) Fischione 2020 and Fischione 2040 Dual-Axis tomography holder, 

respectively, which can be tilted up to ±80°, due to the narrow tip of the holders. Images are 

acquired at the EMAT photolab. 
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Figure 2.9: Series of phantom images showing the missing wedge artefact. a) The original 

image. b-f) The reconstructed object for an increasing missing wedge along the z-direction
126

. 

In order to reduce the missing wedge artefact even further, multiple tilt series can be acquired 

of the same object. Typically, two tilt series are obtained with both tilt axes perpendicular to 

each other. Here, a tilt rotation tomography holder (Figure 2.8c) can be used to rotate the 

nanoparticle 90° after the acquisition of the first tilt series. In this dual axis geometry the 

missing wedge is reduced to a missing pyramid (Figure 2.10)
127,128

. 

 

Figure 2.10: Representation of the missing of information in the Fourier space for a single tilt 

(left) axis and dual tilt (right) axis scheme. 
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Furthermore, the tilt rotation tomography holder can be used to rotate the nanoparticle prior 

to the acquisition of the tilt series. This is a huge advantage when acquiring a high resolution 

tomography series, since the result is typically improved when the tilt axis is chosen in such a 

way that multiple zone axis orientations are crossed during the acquisition of the tilt series
114

. 

2.3.3 Alignment of a tilt series 

During the acquisition of the tilt series, the sample is placed at the eucentric height. In theory, 

a sample at this height should not change xy-position when tilting. However, in practice a 

slight shift in the field of view will occur and the sample is tracked back into the field of view 

at each tilt angle. It is important to correct for this movement prior to the reconstruction. This 

alignment can be performed manually in the IMOD software
129

. An alternative approach is by 

using cross-correlation between two consecutive images, which can be executed in the 

Inspect3D software
130

. Cross-correlation is obtained by calculating the inverse Fourier 

transformation of the product between the Fourier transformation of the first image and the 

complex conjugate of the Fourier transformation of the second image
131

. The position of the 

maximum intensity in the cross-correlation image is a measure for the relative shift between 

both images. Due to noise in the data and the tilt between consecutive images, the peak is 

usually blurred. A band-pass filter and morphological filter can be applied to improve the 

result. This approach is illustrated in Figure 2.11. 

In the next step, the direction of the tilt axis of the data is estimated so the tilt axis 

corresponds to the tilt axis during the experiment. In Inspect 3D, the tilt axis is shifted and 

rotated in order to minimize the arc shaped artefacts in the final reconstruction
105

. An optimal 

alignment is obtained when alternating between this procedure and the cross-correlation in an 

iterative way. 
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Figure 2.11: The cross-correlation (c) between two images acquired at different tilt angles (a-

b) was calculated. Different filters are used to get a sharper maximum intensity (d-f). 

2.3.4 Reconstruction of a tilt series 

Radon transformation 

In this section, the theory behind tomography is explained starting from a 2D object for 

simplicity. The extension to a 3D object is trivial, since the 2D case represents a slice through 

the 3D object. The Radon transform, introduced by Johan Radon in 1917, is the foundation of 

the mathematical principles for most tomographic reconstructions. As illustrated in Figure 

2.12a, this transformation relates to the collections of projection images of a 2D object f(x,y) 

which is equivalent to the integral of a function over a straight line l(θ,r) where θ is the 

rotation angle and r is the distance from the line to the center of the object
132,133

.  
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Figure 2.12: a) The Radon transformation R of a 2D object can be visualized by the 

integration of the object f(x,y) through the projection line l(θ,r). b) 2D Shepp-Logan phantom 

object and its Randon transformation
126

. 

The line integral along such a line is then defined as 

p(θ,r) = ∫ f(x, y)dl 
 

l(θ,r)
= Rf(x,y) 

Here, we use R to represent the Radon transform function that maps the object f(x,y) into its 

projection at rotation angle θ as p(θ,r). By rotating the object, we get a collection of several 

1D projections at different rotation angles. Next, the reconstruction of the object f(x,y) can be 

retrieved by the inverse Radon transform of the projections. Figure 2.12b presents an 

example of a set of 1D projections of a 2D Shepp-Logan phantom object. Such a set of 

projection images is also referred to as a sinogram. It has to be noted that the inverse Radon 

transform is an integral transform, which requires an infinite number of projection images. As 

an infinite collection of projection images is experimentally impossible, interpolation in 

Fourier space is required, which may introduce inaccuracy during the reconstruction. 

Therefore, other reconstruction procedures have been explored. 
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Back-projection 

The most straightforward approach to obtain a reconstruction is by using back-projection
134

. 

This technique takes all sinogram values and re-projects them back into object space along 

the corresponding line. 

fb(x, y) = ∫ p(θ , x cos(θ) + y sin(θ))dθ
π

0

 

Unfortunately, this approach yields a blurred version of the object. The problem becomes 

clear when investigating the Radon transform in the frequency domain. Since the projection 

can be described as 

p(x) = ∫ f(x, y)dy
+∞

−∞

 

The Fourier transform of the object equals 

F(u, v) = ∫ ∫ f(x, y)e−2πi(ux+vy)dxdy
+∞

−∞

+∞

−∞

 

The central slice perpendicular to the projection direction through this Fourier transform is 

given by 

F(u, 0) = ∫ [∫ f(x, y)dy
+∞

−∞

]
+∞

−∞

e−2πi(xu)dx = ∫ p(x)
+∞

−∞

e−2πi(xu)dx 

which is equal to the Fourier transform of the measured projection p(x). In other words this 

means that the 1D Fourier transform of a projection of a 2D object equals a line through the 

2D Fourier transform of the imaged object. This line crosses the origin of the Fourier space 

and its direction is perpendicular to the projection direction. This is called the central slice 

theorem. From Figure 2.13 it is clear that lower frequencies are overestimated when adding 
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all the projection slices. This oversampling of the lower frequencies can be compensated by 

the use of a weighting filter, leading to the so-called weighted back projection (WBP) 

reconstruction technique. 

 

Figure 2.13: 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. Due to the radial acquisition geometry, low frequencies will be 

oversampled in Fourier space, which is obvious from the more closely packed dots near the 

center of the Fourier domain. 

Simultaneous iterative reconstruction technique  

Even after applying a filter, the quality of the reconstruction remains low when a low number 

of projection images is available. Therefore, WBP is nowadays mainly used in the field of X-

ray tomography and biology where a high number of images is acquired over a large tilt 

range. For electron tomography, reconstructions are most often performed by the 

simultaneous iterative reconstruction technique (SIRT), which is based on the Riemann back 

projection principle
133

. A SIRT reconstruction starts from a first reconstruction obtained by a 

regular back projection. This reconstruction is forward projected along the original tilt 

directions that have been used during the acquisition of the experimental tilt series. Next, the 
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re-projections are all compared simultaneously to the original projection images and the 

difference/ratio (additive/multiplicative SIRT) between both is calculated. Next, a 

reconstruction of the result is obtained by performing an unfiltered back projection and 

added/multiplied to the previous reconstruction. This process is repeated until convergence is 

reached, which is typically after 20 - 30 iterations
135

. When convergence is reached, the 

difference between the new reconstruction and the previous reconstruction is minimized. This 

difference is also referred to as the ‘projection distance’. 

To understand the mathematics of this technique we will look at the tomography problem in 

real space. The projection geometry of a tomography experiment is schematically visualized 

in Figure 2.14. A tilt series containing N projections is acquired at tilt angles {θ1, θ2, … , θN} 

of an object f(x,y) with a width w and a height h. These projections can be considered a set of 

linear equations Ax = b, where b is a vector representing the projections, x is a vector that 

represents the imaged object and A is the projection matrix. Element aij equals the 

contribution of pixel i at projection ray bj. To calculate the reconstruction, the inverse 

problem needs to be solved: we need to calculate the unknown vector x from measuring b by 

minimizing the projection distance. For SIRT, the projection distance is calculated by an 

iterative element wise update scheme where xi
k represents the current (k) estimate of the 

intensity of pixel i: 

∀i: xi
k+1 − xi

k =

∑ [
aji(bj − ∑ ajhxh

k
h )

∑ ajhh
]j

∑ ajij
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Figure 2.14: Projection geometry for a tomographic experiment
126

. The vector x represents 

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

the contribution of element xj to the recorded projection intensity bj. 

Total variation minimization  

Nowadays, a lot of effort is put into developing reconstruction algorithms that can 

compensate for the missing wedge. A relatively new reconstruction algorithm that is doing so 

is the total variation minimization (TVM) reconstruction technique
136,137

. The basic idea 

behind this algorithm is that the gradient image of an object is often a sparse representation, 

even though the original object is not. This assumption is illustrated for the Shepp-Logan 

phantom in Figure 2.15. 
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Figure 2.15: (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
126

. 

When solving the reconstruction problem (Ax = b), the TVM algorithm will not only try to 

minimize the projection distance, but also the total variation of the reconstructed object is 

minimized: 

x = argminx [TV(x) +
μ

2
‖𝐀x − 𝐛‖2

2] 

In this equation, TV(x) is the total variation computed as the norm of the discrete gradient of 

the reconstructed object. The regularization parameter µ determines the weight of both terms 

and it is therefore critical in the algorithm. An underestimation of µ will lead to a 

reconstruction in which noise is suppressed, but high frequency details of the reconstruction 

will be lost as well. On the other hand, a large value of µ leads to a reconstruction 

comparable with SIRT in which both missing wedge artefacts and noise will be present. 

Based on simulations it was shown that µ = 0.5 is a good starting value
136

. 

Discrete algebraic reconstruction technique  

Another procedure that minimizes the missing wedge artefact is by including prior 

knowledge concerning the object during the reconstruction. In the discrete algebraic 

reconstruction technique (DART)
138

 prior knowledge concerning the discrete number of gray 
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levels of the object is exploited. The technique starts by calculating a conventional SIRT 

reconstruction, which is subsequently thresholded. During each iteration, the boundary pixels 

(pixels adjacent to pixels from another gray value) are updated while keeping the remainder 

of the pixels fixed at their segmented gray level. It has been shown that DART can deal 

efficiently with noisy data and reconstructions with a higher reliability can be obtained from a 

limited number of projections in comparison to conventional iterative reconstruction 

algorithms. An extra advantage is that no further segmentation step is required as the object is 

thresholded during the reconstruction. 

2.3.5 Visualization and quantification of a tomographic reconstruction 

Three main techniques are used to obtain a 3D visualization: orthoslices, the isosurface and 

the voltex rendering. So-called orthoslices are slices through the reconstruction, which enable 

us to investigate the internal structure of the nanoparticle along different directions. Since no 

threshold is required, orthoslices are the most objective visualization method. On the other 

hand, prior to the calculation of the isosurface or voltex, a threshold should be chosen. Only 

intensities higher than the threshold are taken into account. For an isosurface, all voxels 

containing the same intensity are connected with each other. In this manner, the 3D volume is 

reduced to a 2D surface, which is beneficial for the calculation time. Contrary to the 

isosurface, the voltex rendering reprojects the whole 3D volume on the computer screen. This 

method allows to highlight certain details by adjusting the intensity, colour and transparency 

of the 3D reconstruction. 

When quantitative information is required, segmentation needs to be performed, in which a 

range of intensity values is assigned to a specific class. In this thesis it was often necessary to 

highlight the position of defects. Furthermore, when investigating heterogeneous 

nanoparticles it is beneficial to visualize each chemical component separately. For example, 
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in the case of a core/shell particle, this comes down to assigning all the core voxels to a 

specific class and the shell voxels to another class. The segmentation can be performed 

automatically based on the thresholding of different grey levels. However, artefacts caused by 

the missing wedge or by diffraction contrast will reduce the quality of the reconstruction, 

complicating a straightforward automatic segmentation. In these cases, a stringent manual 

segmentation is required. Alternatively, DART can be used as it results in reconstructions 

that are already segmented, leading to a more straightforward quantification. 
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Part 1: 3D Characterization of homogeneous 

nanoparticles to obtain a better understanding 

of their growth 

 

 

 

 

This part is based on: 

Winckelmans, N., Altantzis, T., Grzelczak, M., Sánchez-Iglesias, A., Liz-Marzán, L. M., & 

Bals, S. (2018). Multimode Electron Tomography as a Tool to Characterize the Internal 

Structure and Morphology of Gold Nanoparticles. The Journal of Physical Chemistry C. 

Sánchez-Iglesias, A., Winckelmans, N., Altantzis, T., Bals, S., Grzelczak, M., & Liz-Marzán, 

L. M. (2016). High-Yield Seeded Growth of Monodisperse Pentatwinned Gold Nanoparticles 

through Thermally Induced Seed Twinning. Journal of the American Chemical 

Society, 139(1), 107-110. 

In this part of the thesis, I have been responsible for all TEM acquisitions and the 

reconstruction and quantification of all nanoscale tomography experiments. The high 

resolution tomography series is reconstructed by Dr. Ivan Pedro Lobato Hoyos and the 

computational part of the Merlin detector is performed by Dr. Karel van den Bos. The 

synthesis of the samples has been carried out at Indiana University (US) and by the group of 

CIC biomaGUNE (Spain). The latter is also responsible for the optical spectroscopy results.  
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Chapter 3 

Visualization of twin planes in Au 

nanoparticles in 3D by electron 

tomography  
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3. Visualization of twin planes in Au nanoparticles in 3D by electron 

tomography 

3.1 Introduction 

It is well known that for Au nanoparticles, which are often synthesized using a seed-mediated 

approach
1
, the shape, size and crystallinity of the seed will have a large influence on the 

overgrown structure
75,139,140

. For example, the size of the seed is thought to influence the 

reaction kinetics and thermodynamics, which will influence the final morphology of the 

nanoparticle. To gain insight into the connection between the morphology and crystallinity of 

the seed on the final nanoparticle, a thorough 3D characterization of both the seed and the 

final nanoparticle is of utmost importance. Even more important than investigating the seed 

and the final nanoparticle individually is the investigation of the seed inside the final 

nanoparticle. For example, in nanorods, the seed can be positioned either in the center or 

toward one end of the rod (Figure 3.1)
141,142

. Both cases clearly result from different growth 

mechanisms. Furthermore, the presence of twins in the seed can be exploited to obtain 

nanoparticles with morphologies that would otherwise not be feasible
24,25,26

.
  

Although electron tomography yields very precise information on the 3D morphology of the 

final nanoparticle, further progress is required to visualize twinning planes (Challenge 1). 

Furthermore, since the seed and the overgrown structure typically contain the same chemical 

elements it is impossible to differentiate between both with HAADF-STEM tomography 

(Challenge 2). In this chapter I will evaluate different approaches to visualize twinning planes 

in Au nanoparticles in 3D and the second challenge is tackled in the next chapter. 
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Figure 3.1: Schematic representation of a nanorod with a seed positioned at the center (a) or 

at one end (b) of the rod. 

The investigation of structural defects (e.g. twinning planes, dislocations) in a nanoparticle is 

of key importance, since their presence can have a large impact on the properties of the 

nanoparticle as they directly affect plasmonic and catalytic properties
8,7,143

. At the atomic 

scale, the 3D visualization of atomic defects has been demonstrated using various high 

resolution tomography approaches
144,145

. At the nanometer level, several electron microscopy 

methods have been developed to visualize dislocations in 3D, including tomography based on 

scanning electron diffraction (SED)
146

 and medium angle annular dark field STEM 

(MAADF-STEM)
147,148

. However, the ability of these techniques to image twinning planes in 

nanoparticles has not been explored in previous work.  

Here, we will explore three different techniques to visualize the twinning planes in 

overgrown Au structures: 

 High resolution tomography 

 Scanning electron diffraction tomography 

 ADF-STEM tomography 

3.2 Investigation of twinning planes by high resolution electron tomography 

In a first attempt to visualize twinning planes in 3D, the use of high resolution HAADF-

STEM is explored. HAADF-STEM is preferred over TEM for this experiment since high 

resolution TEM images cannot be interpreted in a direct manner
96

. Therefore, high resolution 

HAADF-STEM tomography, which has been used successfully in the past
149,150,151

, is 
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performed. High resolution HAADF-STEM is a technique in which the particle is imaged 

along a zone axis orientation. In such conditions, atoms are aligned parallel to the electron 

beam and therefore an image in which atomic columns are detected can be acquired. A 3D 

reconstruction can be obtained using only one zone axis projection image
152,153,154

. Since the 

intensity in each atomic column scales linearly with the thickness of the sample, the number 

of atoms can be counted
155,156

. In this manner, the number of atoms along the direction of the 

electron beam is determined. Prior knowledge is required to calculate the position of the 

atoms in the third direction. For example, the atomic structure of nanocrystals is successfully 

obtained by combining atom counts from a single viewing direction with ab initio 

calculations
152

 or molecular dynamics
153,154

. To improve the reconstruction, counting results 

from different viewing directions can be used as an input for a discrete reconstruction 

algorithm
157

. During such a discrete reconstruction, all atom positions are assumed to be 

fixed on a grid. Although small deviations from a perfect lattice may occur in nanoparticles, 

they are ignored using this approach. For pentatwinned nanoparticles this technique cannot be 

used since the number of high resolution images that can be used for atom counting is 

restricted to only one. Furthermore, atom counting becomes more challenging when the 

number of atoms per column increases
158

. Alternatively, a compressive-sensing-based 3D 

reconstruction algorithm enables the complete characterization of the 3D atomic lattice from 

a limited number of high resolution images without the use of prior knowledge
149

. However, 

the limited number of projection images prevents a straightforward alignment based on 

regular cross correlation methods. Therefore, the reconstruction of the complete morphology 

is often obtained by acquiring a continuous tilt series of high resolution images and using the 

images as an input for a conventional reconstruction algorithm
150,151

. For example, this 

approach has been used to obtain the atomic structure of a pentatwinned Au decahedron from 
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which the strain inside the nanoparticle could be investigated
159

. Here, we want to expand the 

use of a continuous tilt series of high resolution images toward the investigation of large 

pentatwinned bipyramids in order to enable the visualization of twinning planes in 3D in 

nanoparticles with a wide variety of sizes. An additional challenge encountered during the 

investigation of nanoparticles in general is the rotation of the particles under the electron 

beam. An example is shown in Figure 3.2, in which two successive high resolution images 

are acquired of a Au rod
160

. In the first image, the rod is oriented in zone axis orientation, but 

in the second image it is slightly rotated. The rotation can be observed in the high resolution 

images, since the atomic columns are less clear after rotation. We will investigate if a 

reduction of the dose rate prevents such rotations. 

 

Figure 3.2: High resolution HAADF-STEM images of a Au rod in zone axis orientation (a) 

and after a slight rotation under the influence of the electron beam (b). 

Using a conventional, single tilt tomography holder, the sample can only be tilted 

perpendicularly to the electron beam (Figure 3.3b). To improve the reconstruction of the 

atomic structure of the nanoparticle, the particle must be oriented along a major zone axis in 

order to acquire a zone axis image. Therefore, using the single tilt holder, it can be 
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challenging to find a suitable particle with a major zone axis which can be tilted parallel to 

the electron beam. In addition, when we want to acquire multiple zone axis images, all of 

these zones should be reachable using a single tilt holder. A solution is a rotation tomography 

holder which can tilt the sample along one axis, but which additionally can rotate the sample 

360° (Figure 3.3c) as well. This enables the acquisition of multiple projection images from an 

arbitrary orientation.  

 

Figure 3.3: a) TEM grid without tilt or rotation. b,c) TEM grid after tilt or rotation, 

respectively. 

To obtain a reliable reconstruction of each domain of a pentatwinned bipyramid, zone axis 

images should be acquired from each of the five domains during the acquisition of a tilt 

series. In principle, a high resolution image can be acquired along the long axis of the 

structure (Figure 3.4a), in which case all five domains lie in zone axis orientation (Figure 

3.4b). However, here, the projected thickness of the bipyramids prevents such an analysis. 

When orienting the long axis of the bipyramid perpendicularly to the electron beam (Figure 

3.4c), two zone axis images can be obtained. In both images the overlap of two zone axes 

occurs: the [112] and [100] zone axes (Figure 3.4d) or the [111] and [110] zone axes (Figure 

3.4e). To go from the first orientation to the second, a tilt of 30° around the x-axis has been 

performed. 
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Figure 3.4: When the long axis of a bipyramid is oriented parallel to the electron beam (a) a 

zone axis image in which each domain is oriented in [110] zone (b) can be acquired. When 

the short axis of a bipyramid is oriented parallel to the electron beam (c) two zone axis 

images can be acquired (d,e). In both cases there will be an overlap of different zones: 

overlap of [112] and [100] or overlap of [111] and [110], respectively. 

Given the limited field of view at a magnification of 3.6 Mx, only the tip of the Au bipyramid 

(±25 nm) can be imaged. A high resolution image of the bipyramid along the [110] and [111] 

zone axes orientation is shown in Figure 3.5a. After tilting the nanoparticle 30° the particle is 

oriented in [112] and [100] zone axes, which is shown in Figure 3.5b. Fast Fourier transforms 

(FFTs) of the different domains prove the zone axis orientation. 

During the acquisition of a high resolution tilt series, the bipyramids tend to rotate slightly 

(±2°) between successive images due to interaction with the electron beam. In this manner, it 
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is impossible to obtain a reliable 3D reconstruction. To overcome this limitation, the electron 

dose can be reduced and/or a faster image scan can be used to acquire the images of the tilt 

series. Unfortunately, this implies a reduced image quality. This problem was solved by 

averaging multiple images acquired with a reduced dose rate at each tilt angle. Thus, 20 

images are acquired with a reduced electron dose (from 50 pA to 30 pA) and a fast scan time 

(from 6 µs to 0.4 µs). Such an image is shown in Figure 3.6a. Before applying the alignment 

of the tilt series, noise in the single images is removed by a neural network developed by I. 

Lobato
12

 (Figure 3.6b). By training the neural network, it learns to detect the presence of 

noise and to correct for it. To train the network, HAADF-STEM images are simulated and 

noise, such as jitter distortions, Gaussian noise, fast scan distortions, is added to these images. 

After applying the neural network on the 20 acquisitions individually, they are averaged by 

applying a phase correlation procedure to obtain a high resolution image with a much better 

quality in comparison to the original image (Figure 3.6d). 
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Figure 3.5: a-b) Two high resolution HAADF-STEM projection images of the same Au 

bipyramid. c) The particle is first oriented partially in the [111] and [110]. FFTs of both 

domains are shown in images d and e, respectively. f) After tilting 30° around the vertical 

axis the particle is partially oriented in the [100] (g) and [112] (h). FFTs of both domains are 

shown in images g and h, respectively. 
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Figure 3.6: a) Single image without noise removal. b) Single image with noise removal. c) 

Average of 20 images without noise removal. d) Average of 20 images after noise removal. 

e-h) Magnified view of images a-d, respectively. 
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Using this approach, a high resolution tomography series is acquired over a tilt range from -

76° to +76° with a tilt increment of 2°. To ensure the bipyramid did not rotate or change 

morphology during the experiment, a 2D image acquired prior to and after the tomography 

experiment were compared. This method has been used for all experiments in this thesis. The 

averaged projection images are used as an input for a SIRT algorithm. 3D visualizations of 

the resulting reconstruction as well as orthoslices through the reconstruction are presented in 

Figure 3.7. The reconstruction reveals the presence of five twin boundaries and the atomic 

structure can be resolved in all five domains. However, some atoms are elongated in the 

direction of the missing wedge, which is clear from the central region in Figure 3.7b. 

Furthermore, intensity differences between atoms are present in the reconstruction, which is 

expected since high resolution HAADF-STEM images do not completely fulfil the projection 

requirement for tomography due to channeling effects when the particle is oriented in zone 

axes. Consequently, enhanced intensities are found in these orientations in comparison to off-

axis images
161

.  

In order to investigate the twinning planes through the whole structure, the same procedure 

should be repeated for the central part of the bipyramid and the lower tip. By combining all 

three tomography series, we would be able to retrieve the twinning planes throughout the 

whole structure. However, the acquisition of each of these three high resolution tomography 

series takes approximately two hours. During such long acquisition, changes in the particle or 

alignment of the microscope might occur, which complicates the merging of these three 

series. Therefore, we will explore nanoscale techniques in the following sections, in which 

we work at magnifications that will fit the complete bipyramid into the field of view. 
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Figure 3.7: a) Three orthogonal slices through the reconstruction of the bipyramid, showing 

that the atomic structure can be resolved in all three directions. b) Detailed view of a slice 

through the reconstruction parallel to the major axis of the bipyramid. c-d) 3D reconstructions 

of the bipyramid. 
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3.3 Visualization of twinning planes by scanning electron diffraction tomography 

To enable the investigation of twinning planes through the whole nanoparticle, the use of 

SED is explored. SED is a technique during which a scan driver (ASTAR
TM

) is coupled to an 

external camera. In this manner, a 2D area of interest is scanned with a small (~1 nm), 

parallel electron beam
141,162

, acquiring 2D electron diffraction (ED) patterns pixel by pixel, 

resulting in a four-dimensional (4D) data cube. Since each domain separated by a twin plane 

results in a different diffraction pattern, SED can be used to distinguish the different domains 

from each other. A schematic illustration of the experimental set-up is shown in Figure 3.8. 

The combination of SED and electron tomography has recently been used to determine the 

orientation and morphology of a Ni-base superalloy
146

 and to identify grains in a 

nanocrystalline TiN thin film
163

. Here, I will explore the use of SED tomography during the 

investigation of a single twinned Au nanoparticle and a pentatwinned Au nanoparticle, as 

shown in Figure 3.9. 

 

Figure 3.8: Schematic illustration of the 4D pixelated detector. A full diffraction pattern is 

acquired for each raster position, thereby obtaining a 4D data set. 
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Figure 3.9: HAADF-STEM image and a model of the single twinned nanoparticle (a) and 

pentatwinned nanoparticle (b) investigated by SED tomography. 

In a first case study, the 3D location of a twin plane in a single twinned, spherical Au particle 

(Figure 3.9a) is investigated. Since the acquisition time of a single image is much longer than 

the acquisition time of a HAADF-STEM image (5 min versus 7 s), a tilt series of 15 SED 

images is acquired with a tilt increment of 10° (instead of 2°). Each ED pattern is a linear 

combination of diffracted intensities from the two crystallographic domains of the 

nanoparticle. To decompose each ED pattern into a linear combination, a non-negative matrix 

factorization (NMF) is performed in Matlab, which has proven valuable for this type of data 

in the past
146

. NMF decomposes each diffraction pattern into a linear sum of component 

patterns each weighted by a loading coefficient. The number of component patterns is ideally 

equal to the number of domains in the nanoparticle, although the background requires a 

combination of patterns in addition and the overlap of domains is often seen as an extra 

pattern. In this example, five component patterns provide an optimum fit, two that describe 

the different domains of the particle, which will be called the reference patterns; two that are 

related to the background and one that indicates the overlapping region. Figure 3.10a-d shows 

the reference patterns and virtual dark field images associated with the two domains. The 

virtual dark field images are formed by measuring, pixel by pixel, the similarity between the 
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reference pattern and the diffraction pattern in the pixel. Thus, the higher the intensity in the 

virtual images, the higher the similarity with the reference pattern will be. 

Applying the described method at each tilt angle results in two tilt series, one for each 

domain of the particle. Since the intensity in the virtual images is not monotonically related to 

any physical property, an intensity threshold is used to obtain binary images. Still, the 

projection requirement is violated, which will affect the quality of the reconstruction. 

Furthermore, some part of the tilt series is often missing due to weak diffraction spots or 

strong multiple scattering, making it difficult to identify all domains at each tilt angle. Since 

the algebraic reconstruction technique is designed to obtain reliable reconstructions from 

incomplete projection data, it is proposed for this type of data in literature
163 

and therefore 

used here as well. A 3D visualization of the single twinned, spherical Au nanoparticle is 

shown in Figure 3.10e, in which both domains are clearly distinguishable. The faceted shape 

of the Au nanoparticle, which can be resolved in the 2D image (Figure 3.9a), is also retrieved 

in the 3D reconstruction. However, artefacts are expected due to the violation of the 

projection requirement. For example, the twinning plane is not reconstructed as a straight 

line. 

 

Figure 3.10: a-b) ED patterns and c-d) corresponding virtual dark field images corresponding 

to both parts of a twinned nanoparticle. e) 3D visualization of the reconstruction, showing a 

faceted nanoparticle. 
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In a more challenging case, the technique is applied to a pentatwinned Au decahedron (Figure 

3.9b). Along the viewing direction presented in Figure 3.11, no overlap is present between 

the five domains. Here, seven component patterns provide the most optimal fit, from which 

five correspond to the different domains which are the reference patterns and two are related 

to the background. However, when tilting the nanoparticle, overlap occurs between the 

different domains, and more component patterns are required, resulting in an angle-dependent 

amount of optimal component patterns. Figure 3.11a-e shows the reference patterns and 

virtual dark field images (Figure 3.11f-j) associated with the five domains when no overlap is 

present. A 3D visualization of the reconstruction is shown in Figure 3.11k, in which all five 

parts are clearly distinguishable. However, the reconstruction is far from accurate, since the 

twinning planes are not straight and there are clear differences in the morphology in 

comparison to the 2D images (Figure 3.9).  

 

Figure 3.11: a-j) ED patterns and corresponding virtual dark field images corresponding to 

all five parts of a nanoparticle. k) 3D visualization of the reconstruction, showing a 

pentatwinned nanoparticle. 

The low quality of SED tomography reconstructions is caused by the limited amount of 

images per tilt series (15 in comparison to 77 for a conventional tomography experiment), the 

low resolution of the 2D images (1 nm in comparison to 70 pm for a conventional 
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tomography experiment) and the violation of the projection requirement. We can conclude 

that, even though the technique is able to investigate twin planes through the whole structure, 

an accurate reconstruction of the morphology cannot be obtained. Therefore, the challenge 

remains to investigate both the morphology and the twinning planes in a reliable and accurate 

manner simultaneously. 

3.4 Combination of HAADF-STEM and LAADF-STEM tomography 

Since the previous two techniques are not ideal to investigate the twinning planes in 

nanoparticles in 3D, a third method is explored. Electron tomography studies are mostly 

based on HAADF-STEM imaging, since the image intensity in this technique scales with the 

thickness of the sample and the atomic number Z
 
of the elements under investigation

102
. 

However, when using HAADF-STEM, diffraction contrast, which typically yields 

information on the presence of defects, is lost since it is scattered to lower angles. When 

using MAADF-STEM, the collection angle of the detector is adjusted in such a way that both 

coherent and incoherent scattered electrons are collected, yielding information about both the 

shape of the particle and the presence of defects, simultaneously. For such experiments, the 

main limitation is that the projection requirement for tomography needs to be fulfilled, which 

is not the case if diffraction contrast is present. Decreasing the collection angle of the detector 

further leads to so-called low angle annular dark field STEM (LAADF-STEM). This 

technique is advantageous to observe the presence of defects, but since less incoherently 

scattered electrons are collected, the projection requirement is also violated. It is therefore 

clear that when selecting an optimal value for the collection angle, one will always have to 

compromise between optimal contrast to visualize defects and fulfilment of the projection 

requirement. Therefore, we propose to exploit the flexibility of modern TEM instruments, in 

which more than one (HA)ADF detector is available. Through the simultaneous use of 
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multiple ADF detectors, a reliable 3D reconstruction of both the morphology of the 

nanoparticles and the twin planes can be achieved in a dose-efficient manner.  

In Figure 3.12, representative images of the same pentatwinned Au decahedron, imaged by 

HAADF-STEM, MAADF-STEM and LAADF-STEM, are presented. Hereby, inner/outer 

semi-collection angles of 115/157 mrad, 26/95 mrad and 13/26 mrad are used, respectively. A 

schematic diagram of the set-up is provided in Figure 3.13. In HAADF-STEM mode (Figure 

3.12a), the projected shape of the nanoparticle is clearly visualized, but diffraction contrast 

related to the presence of twins can hardly be observed. The MAADF-STEM image in Figure 

3.12b yields information on the shape, whereas the presence of defects is clearer in 

comparison to Figure 3.12a. However, the LAADF-STEM image (Figure 3.12c) yields the 

best contrast related to the pentatwinned structure. 

 

Figure 3.12: Representative 2D images and orthoslices through the tomography 

reconstruction of a Au decahedron, from images acquired in HAADF-STEM (a,d), MAADF-

STEM (b,e) and LAADF-STEM (c,f) modes. The inner semi-collection angles of the 

different annular detectors are 115 mrad, 26 mrad and 13 mrad, respectively. 
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Figure 3.13: Schematic diagram of the relationship between the convergence angle of the 

incident electron beam and inner collection angles of the three annular detectors present in 

the operated electron microscope. 

Next, tomography series are acquired using the three different ADF detectors, over a tilt 

range from -70° to +72° with a tilt increment of 2°. Since the acquisition of multiple 

tomographic series occurs simultaneously we will refer to it as multimode tomography. 

During the acquisition, the image intensities are all scaled between 10,000 and 50,000 counts 

per pixel
164

. From the orthoslices obtained through the reconstructions, it is clear that the 

HAADF-STEM reconstruction (Figure 3.12d) does not yield any contrast corresponding to 

the twin planes. Limited diffraction contrast can be observed in the MAADF-STEM 

reconstruction (Figure 3.12e), whereas the twin planes are evident in the LAADF-STEM 

reconstruction (Figure 3.12f). However, the diffraction contrast present in the MAADF-
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STEM and LAADF-STEM signals violates the projection requirement for tomography and 

artefacts are expected in the reconstruction
105

. To investigate possible artefacts, we calculate 

the shape error of these reconstructions considering the HAADF-STEM reconstruction as the 

ground truth morphology, since there the projection requirement is satisfied. The shape error 

corresponds to the number of voxels that are labeled differently in the segmentation of the 

partially coherent reconstructions (MAADF-STEM and LAADF-STEM), as compared to the 

segmentation of the HAADF-STEM reconstruction. Since the intensities in the acquired 

images of all series are scaled in the same range, the same threshold can be used for 

segmentation. Next, the number of misinterpreted voxels is divided by the total number of 

non-zero voxels in the HAADF-STEM reconstruction
165

. For the MAADF-STEM 

reconstruction, a shape error of 4.4% is found, whereas for the LAADF-STEM reconstruction 

the shape error is 8.0%. Although LAADF-STEM tomography clearly yields superior 3D 

information on the location of twin planes, our comparison shows that errors will occur when 

trying to calculate for example the volume of the nanoparticle. Also for the MAADF-STEM 

reconstruction the shape error is significant. This demonstrates again the powerful impact of 

violating the projection requirement. To overcome this problem, we propose to combine 

HAADF-STEM and LAADF-STEM reconstructions. In this manner, quantifiable information 

on the shape of the nanoparticles can be obtained, together with a clear visualization of the 

twin planes.  

To combine the LAADF-STEM and HAADF-STEM reconstructions in a straightforward 

manner, both tilt series are simultaneously acquired using two annular detectors with 

acquisition angles ranging from 13 to 115 mrad for LAADF-STEM and from 115 to 157 

mrad for HAADF-STEM. These settings are used for all multimode tomography 

reconstructions in this thesis. Because the acquisition is performed simultaneously, the 
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alignment parameters for both series are identical. Next, 3D reconstructions are calculated by 

the conventional SIRT algorithm. To obtain a better visualization of the position of the twin 

planes from the LAADF-STEM reconstruction, a manual segmentation is performed. Figure 

3.14 shows a 3D visualization of the HAADF-STEM reconstruction of the Au decahedron 

(Figure 3.14a), as well as the segmented twin planes (Figure 3.14b). By superimposing both 

reconstructions (Figure 3.14c) we are able to determine the shape of the decahedron and the 

position of the twin planes simultaneously. 

 

Figure 3.14: 3D visualization of the HAADF-STEM reconstruction (a) and the twin planes 

segmented from the LAADF-STEM reconstruction (b) of a Au decahedron. The inner semi-

collection angles of the different annular detectors are 115 mrad and 13 mrad, respectively. 

Both volumes are superimposed to evaluate the position of the twin planes in the correct 

volume (c). 

It has to be noted that the decahedrons have a width of 50 nm. Therefore we can conclude 

that in comparison to high resolution tomography, multimode tomography is able to 

investigate the morphology of a large pentatwinned nanoparticle from one tilt series. 

Furthermore, a much more accurate reconstruction of the morphology can be obtained with 

multimode tomography in comparison to SED tomography. Therefore it is the most optimal 

technique to investigate twinning planes in a large variety of nanoparticles in 3D. 
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3.5 Conclusion 

In this chapter, we have evaluated possible routes to visualize twin planes in 3D. High 

resolution electron tomography enables the investigation of twinning planes in the tip of a 

pentatwinned bipyramid. However, to employ this technique to investigate twinning planes 

through the whole structure the reconstruction of three tilt series need to be combined (tip, 

center, tip), which will result in very inefficient acquisition times. Furthermore, to prevent 

rotation of the bipyramid under the electron beam, the use of a limited dose rate is proposed. 

SED tomography is discussed as an alternative approach to visualize twinning planes through 

the whole nanoparticle from a single tilt series. Unfortunately, the quality of the 

reconstruction is relatively low due to the limited resolution of the 2D images and violation 

of the projection requirement. Finally, we have demonstrated the potential of combined 

HAADF-STEM and LAADF-STEM tomography to identify twin planes in the complete Au 

nanostructures and to have a qualitative reconstruction at the same time. Tilt series have been 

acquired in a dose-efficient manner by simultaneously collecting images using two different 

annular detectors. After a stringent segmentation, both reconstructions are superimposed to 

reveal the positions of twin planes in the nanoparticles. Since the last approach is clearly 

superior, it will be applied in the next chapter to investigate the growth mechanisms of 

pentatwinned Au nanoparticles with different shapes. It should be noted that the 

methodology proposed here is generally applicable to a broad range of homogeneous and 

heterogeneous nanoparticles. However, a further optimization is required for the investigation 

of beam sensitive materials. Therefore, the combination of this technique with a fast 

acquisition approach is proposed in Chapter 5. 
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Chapter 4 

Multimode electron tomography as a 

tool to characterize the growth 

mechanism of pentatwinned Au 

nanoparticles 
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4. Multimode electron tomography as a tool to gain insight into the 

growth of pentatwinned Au nanoparticles 

4.1 Introduction 

To demonstrate the applicability and the potential of the multimode tomography approach, 

we here use the technique to investigate the growth mechanism of pentatwinned Au 

nanoparticles. In the first investigation, different morphologies (shown in Figure 4.1), such as 

bipyramids, decahedrons and rods, are obtained from similar seeds by changing the growth 

conditions: 

 Bipyramids are prepared using the conditions developed by Liu and Guyot-Sionnest
19

, 

in which Au seeds are added under vigorous stirring to an aqueous growth solution 

containing CTAB (100 mL, 100 mM), HAuCl4 (5 mL, 10 mM), AgNO3 (1 mL, 10 

mM), HCl (2 mL, 1M) and AA (0.8 mL, 100 mM). The mixture is kept undisturbed at 

30°C for 2 hours. 

 Decahedrons are prepared using the conditions developed by Grzelczak et al.
166

, in 

which Au seeds are added under vigorous stirring to an aqueous growth solution 

containing BDAC (100 mL, 100 mM), HAuCl4 (1 mL, 50 mM) and AA (0.75 mL, 

100 mM) at 30 ºC. The mixture is left undisturbed at 30°C for 30 minutes. 

 Rods are prepared using the well-known Ag-free seeded-growth process, originally 

developed by Jana et al.
167

. A growth solution containing CTAB (250 mL, 8 mM) and 

HAuCl4 (0.625 mL, 50 mM) is immersed in a thermostatic bath at 20 ºC under 

constant stirring. After 15 minutes, an aliquot of AA (0.625 mL, 100 mM) is added to 

the mixture, followed by vigorous manual shaking until the mixture becomes 
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colourless. Subsequently, Au seeds were added to the growth solution followed by 

immediate vigorous shaking. The solution is left undisturbed overnight at 20 ºC. 

In the next chapter, the as prepared rods and decahedra are used as seeds for the overgrowth 

of branched Au nanoparticles, as shown in Figure 4.1. 

 

Figure 4.1: In a first investigation, Au rods, decahedra and bipyramids are synthesized from 

small (5 nm) seeds. In a second investigation, the as prepared Au rods and decahedra are used 

as large (> 55 nm) seeds to grow branched structures. 

As indicated in the previous chapter, most Au nanoparticles are synthesized using a seed-

mediated approach. In many studies, it has been shown that the shape, size and crystallinity 

of the seed affect the overgrown structure
1,26,75,139,140

. However, many open questions remain. 

For example, different hypotheses of the growth mechanism of pentatwinned Au 

nanoparticles are postulated
26,73

: the first pathway involves the nucleation of a twinned seed 

and its subsequent overgrowth in a layer-by-layer fashion. Alternatively, starting from a 

single-crystalline seed, twin defects can be developed during overgrowth, finally resulting in 

a twinned structure. 

To gain a better understanding of the growth mechanism, the position of the spherical Au 

seed inside the final Au nanoparticle (rod, decahedron, bipyramid) and its location with 
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respect to the twins needs to be investigated. However, in a conventional seed-mediated 

growth synthesis procedure, the seed and the overgrown structure contain the same chemical 

elements, making it impossible to distinguish between them. Therefore, minor modifications 

of the Au seeds by deposition of a thin layer of Pd or the use of a pure Pd seed is proposed
141

. 

Pd is selected since it has been observed that Pd can be reduced as a shell while preserving 

the crystallinity of the original Au seed (epitaxial growth)
168

. The same argument holds for 

Ag, but since Ag is more reactive in comparison to Pd, less stable seeds are expected. Next, 

the seeds are overgrown with Au to obtain different morphologies such as bipyramids. The 

difference in atomic number between Au and Pd (ZAu = 79, ZPd = 46) enables us to 

distinguish between the seed and the overgrown Au structure using HAADF-STEM imaging. 

Since we are not only interested in the location of the seed inside the overgrown structure, but 

also in its location with respect to the twin planes inside the nanostructure, the use of 

multimode tomography is most suitable. In this manner, we can thoroughly investigate the 

growth mechanism of a Au structure grown from a pure Pd seed (2 nm) and a relatively big 

(5 nm) Au/Pd core/shell seed. 

To summarize, by enabling the visualization of twinning planes and the location of the seed 

in the overgrown structure, we aim to answer the following questions in this chapter: What is 

the growth mechanism of pentatwinned nanoparticles and does the size of the seed influence 

the growth mechanism?  
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4.2 Characterization of spherical seeds 

In this chapter, diverse Au morphologies are obtained from the same spherical Au seeds. To 

enable the investigation of the position of the seed inside the final structure, the seed is 

overgrown with a Pd layer. Since the Au seeds gradually change over time
169

, post-synthetic 

doping with Pd becomes difficult to perform before any deformation of the original Au seed 

occurs. Therefore, a seed optimization protocol, in which the Au seeds undergo a mild 

thermal treatment, aims at an increased stability of the seeds over time
140

. To confirm the 

increased stability of the seeds, the morphology and crystallinity of the seeds are investigated 

by electron microscopy immediately after synthesis and one month later. Since no difference 

could be observed after one month, the optimized Au seeds are suitable for post-synthesis 

doping
141

. After synthesis of the optimized Au seeds, Pd is deposited on the surface of the Au 

seeds to obtain core/shell seeds, which are subsequently used to prepare differently shaped 

Au nanoparticles (decahedra, bipyramids, and rods). A thorough characterization of the 

thermally treated Au seeds, prior to and after overgrowth of Pd, and of the overgrown 

structures is required. In this section, the seeds, prior to and after Pd overgrowth, are 

investigated by transmission electron microscopy. In the next section, we show the use of the 

proposed multimode approach to investigate the position of the Au/Pd seed inside the final 

Au nanoparticle and its location with respect to the twins. 

4.2.1 Twinning in Au seeds 

First, we analyse thermally treated seeds used for overgrowth with Pd. Since the crystal 

structure (such as the presence of twinning planes) of the seed defines the morphology of the 

final nanoparticles
19,170

 we investigate the possible presence of twinning planes in a large 

number of seeds. Since multimode tomography is time consuming and therefore not suitable 

for statistical analysis the seeds are investigated in 2D. From the previous chapter it is clear 
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that LAADF-STEM imaging is the most optimal technique to image twinning planes both in 

2D and in 3D. Therefore, 2D LAADF-STEM images are acquired at relatively low 

magnification to investigate many particles simultaneously. Some representative images are 

shown in Figure 4.2.  

 

Figure 4.2: LAADF-STEM images of thermally treated Au seeds. Diffraction contrast is 

present, which indicates the presence of twins in the particles (as indicated in some 

representative particles by white arrows). 
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Due to diffraction contrast, twinning planes appear brighter in comparison to the rest of the 

seed and it becomes clear if the seeds either contain twinning planes or if they are defect free. 

Twinning planes parallel to the electron beam will result in high diffraction contrast, which 

will decrease when the planes become more perpendicular to the electron beam. This effect is 

schematically illustrated in Figure 4.3. Consequently, in a certain orientation diffraction 

contrast might not be visible in the nanoparticles, even though they contain twinning planes. 

Therefore, the particles are investigated at various tilt angles. By inspection of the diffraction 

contrast in 200 different nanoparticles, we conclude that 91±4% of the particles are twinned. 

The error of 4% is based on the 95% confidence interval. 

 

Figure 4.3: In LAADF-STEM images, twinning planes parallel to the electron beam will 

result in high diffraction contrast, which will decrease when the planes become more 

perpendicular to the electron beam. In the illustration, if the electron beam is parallel to the z-

direction (a), no twin planes will be observed in the single crystalline nanoparticle and only 

one twin plane (red) will be observed in the pentatwinned nanoparticle. If the electron beam 

is parallel to the y-direction (b), all twin planes will be observed. 

Even though diffraction contrast provides information on the presence of twinning planes, the 

number of twinning planes present in the seeds often remains unknown. For instance, for a 
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pentatwinned nanoparticle, some twinning planes can be oriented parallel to the electron 

beam whereas others are oriented approximately perpendicularly. To obtain more detailed 

information concerning the number of twins in the individual seeds, high resolution HAADF-

STEM measurements are performed on 35 twinned particles. The analysis reveals that from 

the particles containing twinning planes, 89±11% of the particles are pentatwinned, whereas 

the remaining particles contained one twin plane. The error of 11% is based on the 95% 

confidence interval. An example of each type of seed is presented in Figure 4.4, with arrows 

indicating the twin planes. 

 

Figure 4.4: High resolution HAADF-STEM images of the three types of Au seeds after 

thermal treatment and their relative distribution: single crystalline seed 9%, pentatwinned 

seed 81% and single twinned seed 10%. Arrows indicate twin planes. 

4.2.2 Bimetallic seeds 

The thermally treated Au seeds are investigated directly after synthesis and after one month. 

No difference can be observed, from which we conclude that thermally treated seeds are 

stable over time. Therefore, they are suited for post-synthesis coating with other materials
140

. 

To enable the visualization of the seeds inside the overgrown structures, the seeds are coated 

with Pd. Here, high resolution HAADF-STEM imaging (Figure 6) is performed on thermally 

treated seeds overgrown with varying Pd content (10, 20 and 50 mol%), to confirm the 
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preservation of the crystal structure. As shown in Figure 4.5, independent on the Pd content, 

the Au/Pd seeds can be pentatwinned, single crystalline or contain one twinning plane. The 

Pd layer is not clear from the high resolution images as intensity in the 2D projections scales 

both with thickness and atomic number. Therefore, EDX is performed to confirm the 

core/shell morphology. Results of seeds with 20 mol% Pd are shown in Figure 4.6 in which 

the presence of a Pd layer can be observed for all seeds. The amount of Pd measured from 

EDX differs slightly from the expected values: 16.47±0.97%, 28.8±1.8% and 39.5±2.1%, for 

10, 20 and 50 mol%, respectively. 
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Figure 4.5: High resolution HAADF-STEM images of Au/Pd seeds with 10 mol% Pd (a-c), 

20 mol% Pd (d-f) and 50 mol% Pd (g-i). 
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Figure 4.6: EDX elemental mapping of a Au/Pd seeds with 20 mol% Pd, showing the outer 

distribution of Pd. Line scans are provided from two nanoparticles indicated with white 

rectangles. 

The Pd layer is added on the surface of the Au seed to enable the visualization of the seed in 

the overgrown structure. A higher amount of Pd will improve the contrast in the final 

reconstruction. However, the influence of the Pd layer on the growth mechanism is not yet 

well understood. To minimize the possible impact, a low amount of Pd should be selected. 

Therefore, the remainder of this section will focus on seeds with 20 mol% of Pd, which is a 

compromise between improving the visualization of the seed and minimizing the impact of 

the Pd layer. 

To obtain statistical information concerning the number of twins in the Au/Pd seeds, high 

resolution HAADF-STEM measurements are performed on 80 seeds with 20 mol% Pd. 

Similar to the pure Au seeds, the Au/Pd seeds can have a different amount of twin planes 

(Figure 4.7a-c): pentatwinned (91±6%), single crystalline (4±6%) or one twinning plane 

(5±6%). The error of 6% is based on the 95% confidence interval. However, the pure Au 
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seeds are all semi-spherical, whereas it is clear from Figure 4.7 that the morphology of the 

Au/Pd seeds depends on the amount of twin planes. Tomography is performed to investigate 

the 3D shape of the different seeds. Tilt series are acquired over a tilting range of ±70° 

(pentatwinned and single crystalline) or -72° to +76° (single twinned) with a tilt increment of 

2°. From the 3D reconstructions, presented in Figure 4.7, it is clear that pentatwinned 

particles have a spherical shape, single crystalline particles have an octahedral shape and 

single twinned nanoparticles have a triangular shape. So far, it is unclear why the morphology 

of the seeds changed. 

 

Figure 4.7: High resolution HAADF-STEM images and a 3D visualization of the three types 

of Au seeds after thermal treatment. Pentatwinned seeds have a spherical shape, single 

crystalline seeds have an octahedral shape and single twinned seeds have a triangular shape 

with the twin plane parallel to the triangular base. 

We confirm the preservation of the crystal structure of the Au seeds after deposition of Pd. 

Indeed, prior to and after deposition mainly pentatwinned nanoparticles are observed, but also 

particles without or with one twin plane are observed. Therefore, in the next step, the Au/Pd 
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seeds are overgrown with Au to obtain pentatwinned Au bipyramids. We will investigate if 

all Au/Pd seeds result in a bipyramidal structure. 

4.3 Seeds in overgrown structure 

It is clear from the previous section that Au/Pd seeds can have a varying amount of twin 

planes. All Au/Pd seeds (20 mol% Pd) are overgrown with Au in order to obtain 

pentatwinned Au bipyramids. First, we will investigate if all Au/Pd seeds result in a 

bipyramidal structure. Next, we will investigated if the Pd content (10, 20 and 50 mol%) will 

affect the quality of the overgrown bipyramid. Thereafter, multimode tomography is 

performed to investigate the growth mechanism of pentatwinned nanoparticles. 

4.3.1 Correlation between the morphology of the seed and the overgrown structure 

The Au/Pd seeds are overgrown with Au in order to obtain Au bipyramids. By investigating 

the overgrown structures with HAADF-STEM we conclude that mainly bipyramids (85%) 

are synthesized. However, also by-product is observed containing a spherical or cubical 

shape. Representative 2D HAADF-STEM images of all three morphologies are shown in 

Figure 4.8. The position of the Au/Pd seed can be determined through the lower intensity of 

the Pd shell, originating from Z-contrast in HAADF-STEM. The position of the seed is 

indicated with a red arrow. Next, tomography is performed on all three morphologies to 

investigate the shape of both the seed and the overgrown structure. Tilt series are acquired 

over a tilting range of -76° to +70° with a tilt increment of 2°. 3D reconstructions and a slice 

through each reconstruction are provided in Figure 4.9. From the tomographic 

reconstructions we conclude that only pentatwinned, spherical seeds result in bipyramids. 

Triangular and octahedral seeds result in by-product with spherical and cubical morphology, 

respectively. 
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Figure 4.8: HAADF-STEM images showing the presence of nanoparticles with different 

morphologies, which all contain a Au/Pd seed as indicated with a red arrow. 

 

Figure 4.9: 3D visualization of the HAADF-STEM reconstruction and a slice through the 

reconstruction of a bipyramid (a,b), a sphere (c,d) and a cube (e,f). The morphology of the 

Au/Pd seed is clear as Pd appears darker in the reconstruction. To make it more clear, the 

tomographic reconstruction of seeds (Figure 4.7) are overlaid with the reconstructions of the 

overgrown structures (g). 

4.3.2 Investigation of the influence of varying Pd content 

In section 4.3.1, all Au seeds are overgrown with 20 mol% Pd. Now, the influence of the Pd 

content on the quality of the bipyramids is investigated. Therefore, Au bipyramids are grown 

from Au/Pd seeds with varying Pd content (10, 20 and 50 mol%) and investigated by 
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HAADF-STEM tomography. Tilt series are acquired over a tilting range of ±72° with a tilt 

increment of 2°. Orthoslices through the reconstructions are shown in Figure 4.10. We 

observe that the seed appears more off-center in the longitudinal direction for an increasing 

Pd content, e.g. one side of the seed is growing faster. Indeed, for a low amount of Pd (10 

mol%) the seed is found to be located at the longitudinal center, for six different particles. For 

20 mol% Pd, the seed is mostly located at the center (7 out of 10 of the investigated particles) 

and for 50 mol% Pd, the seed was mostly displaced toward one end of the bipyramid (9 out 

of 10 investigated particles). 

 

Figure 4.10: Orthoslices through the HAADF-STEM reconstructions of bipyramids grown 

from seeds containing different amounts of Pd (10, 20, 50 mol%). Depending on the Pd 

content, the seed is observed either at the longitudinal center or away from it. 

The observed longitudinal displacement of the Pd-coated seeds within bipyramids is also 

reflected in the monodispersity of the samples. Indeed, the amount of bipyramids decreases 

from close to 100% to 70% for seeds containing 50 mol% Pd. It is reasonable to assume that 

the decreased quality of the overgrown structures is a result of a decreased quality of the 

seeds. Hypotheses for the off-center displacement of the seed are: 
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 Hypothesis 1: The amount of Pd on the surface of the Au seed is inhomogeneous and 

the side with higher amount of Pd will grow slower due to the lattice mismatch 

between Pd and Au. The thickness of the Pd layer can be investigated from the 

orthoslices through the HAADF-STEM reconstructions (Figure 4.10) or EDX (Figure 

4.11). Unfortunately, the difference between both sides of the seeds is too small to be 

detectable with these techniques. 

 

Figure 4.11: EDX elemental map of Pd, Au and Ag and EDX spectrum of regions 

indicated with white rectangles. The amount of Pd is equal in both regions. 

 Hypothesis 2: If the seed is not symmetrical and both sides have (slightly) different 

facets this will influence the growth since different facets have different surface 

energies
171

. However, in the HAADF-STEM reconstructions (Figure 4.10) no 

difference can be observed between both sides of the seed. 

 Hypothesis 3: The increased amount of Pd will increase the strain caused by the 

lattice mismatch between Au and Pd, therefor affecting the growth. Strain can be 

measured from high resolution images by extracting the atomic column position
172,173

, 

after which the measured column positions are compared to an ideal crystal lattice. 
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The StatStem software
158

 is used, in which the displacement from the ideal lattice 

position is the measurement for the strain. However, when measuring the strain 

(Figure 4.12) from a high resolution image of a seed, no increment of the strain can be 

observed at the edge.  

 

Figure 4.12: Strain map of a seed and a bipyramid containing 20mol% of Pd. No 

increment of the strain can be observed at the Pd layer. 

Alternatively, strain can be measured from a high resolution image acquired along the 

long axis of the bipyramid. However, due the large amount of Au as compared to Pd, 

the contrast is not sufficient to identify the position of the seed in a reliable manner 

(Figure 4.13a). To overcome this limitation, the particles are deposited on a Si 

substrate, and a cross section cut of the sample, with a thickness of approximately 20 

nm, is obtained using a focused ion beam (FIB). Due to the smaller thickness of the 

resulting specimen, the Pd layer can be observed in high resolution (Figure 4.13b). To 

prove the decreased intensity at the Pd layer, an intensity profile is provided in which 

a dip in the intensity can be observed at the location of Pd. When measuring the strain 

from a high resolution image of the grown structure, no increased strain can be 
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observed at the Pd layer, which is not surprising as the amount of Au (unstrained) is 

much higher in comparison to the amount of Pd (strained) and therefore the strain will 

be averaged in a 2D projection image. 

 

Figure 4.13: High resolution HAADF-STEM images of Au bipyramids oriented 

along a <110> zone axis, in its original shape (a) and after FIB milling (b). Schematic 

representations of the particles are shown as insets. The position of the Pd layer is 

indicated by the two white arrows in b. A line profile along the black rectangle, 

shown as inset, shows a clear decrease in intensity at the position of the Pd layer. 

The first hypothesis seems to be the most plausible one as an inhomogeneous Pd layer can 

often be observed in 2D images. A few examples are provided in Figure 4.14, in which 

regions with high Pd content are indicated with white arrows. However, the difference cannot 

be observed with tomography as the resolution in a tomographic reconstruction is less in 

comparison to the 2D images, due to artefacts caused by the missing wedge, such as fanning 

and elongation effects
174

. 
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Figure 4.14: 2D HAADF-STEM images of Au bipyramids grown from Au/Pd seed (50 

mol%). The Pd layer is not homogeneous and regions with high Pd content are indicated with 

white arrows. 

4.3.3 Growth of Au structures grown from a bimetallic seed 

Next, the growth mechanism of pentatwinned Au nanoparticles grown from Au/Pd seeds is 

investigated by multimode tomography. When selecting the Pd content for a TEM 

investigation, one will have to compromise between the contrast in the HAADF-STEM 

reconstruction (higher Pd content results in increased contrast) and the quality of the 

bipyramids (lower Pd content results in better quality, as described in section 3.2). Therefore, 

Au structures are grown from 20 mol% Pd seeds. 

We investigate decahedra, nanorods and bipyramids all grown from the same Au/Pd seeds 

containing 20 mol% of Pd. For each sample, tilt series are simultaneously acquired using 

HAADF-STEM and LAADF-STEM over a tilt range from -72° to +70°, with a tilt increment 

of 2°. Orthoslices through the HAADF-STEM reconstructions of the different structures are 

shown in the top row of Figure 4.15. The Pd shell around the Au seed can clearly be seen. 

The twin planes can be observed from orthogonal slices through the LAADF-STEM 

reconstructions (middle row in Figure 4.15). It is clear that all structures are pentatwinned. 

Next, manual segmentation of the twins is performed for the LAADF-STEM reconstructions. 

By superimposing the HAADF-STEM and LAADF-STEM reconstructions (bottom row of 
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Figure 4.15), we are able to determine the shape of all pentatwinned particles, as well as the 

position of the seed with respect to the twin planes.  

 

Figure 4.15: Top row: Longitudinal orthoslices through the HAADF-STEM reconstruction 

of a decahedron, a bipyramid and a nanorod grown from Au/Pd seeds (Pd 20 mol%). Middle 

row: Transversal orthoslices through the LAADF-STEM reconstruction, from which the 

twins can be segmented. Bottom row: The segmented seed and twin planes superimposed 

with the HAADF-STEM reconstruction. 

As the twin planes run through both the overgrown structure and the seed, these results 

confirm that the pentatwinned structures are grown from a pentatwinned seed and that the 
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seed is located at the connection point of the five twins. The epitaxial relationship is also 

observed in the high resolution images of the FIB cut bipyramid from which it is clear that 

the crystal structures continue from the seed to the overgrown structure. We conclude that 

deposition of Au on pentatwinned Au/Pd seeds will grow epitaxially resulting in 

pentatwinned decahedra, bipyramids or rods. Therefore, the seed will always be located at the 

connection point of the twinning planes. 

4.3.4 Growth of Au structures grown from a Pd seed 

To understand the effect of composition of the seeds on the growth mechanism, we apply the 

multimode tomography technique to analyze pentatwinned Au bipyramids grown from pure 

Pd seeds. The Pd seeds are synthesized and thermally treated using the same approach as 

performed for obtaining Au seeds, with exception of the precursor. The seeds are investigated 

by high resolution HAADF-STEM (Figure 4.16), from which it is clear that the thermal 

treatment of as-prepared pure Pd seeds leads to seeds with smaller diameters (2 nm) than 

those of pure Au seeds (6 nm upon thermal treatment
29

). Since the size of the seeds increases 

during the thermal treatment
140

 it seems that the Pd seeds require a longer time of thermal 

treatment to reach the same dimensions as the Au seeds. Next, the Pd seeds are put in a 

growth solution to obtain Au bipyramids. It is already clear from 2D HAADF-STEM (Figure 

4.16) that the bipyramids grown from a pure Pd seed have a higher aspect ratio in comparison 

to those grown from a Au/Pd seed. 
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Figure 4.16: High resolution HAADF-STEM overview image of pure Pd seeds and HAADF-

STEM overview image of bipyramids grown from the pure Pd seeds. 

To investigate the growth mechanism, tilt series are acquired simultaneously in HAADF-

STEM and LAADF-STEM mode, over a tilt range from -74° to +72° and a tilt increment of 

2
o
. The Pd seed and the twin planes are manually segmented from the HAADF-STEM and 

LAADF-STEM reconstructions, respectively, and then superimposed to visualize the position 

of the seed with respect to the twin planes. In this case, the seed can be either positioned at 

the connection point of the twin planes (Figure 4.17a), which is similar to what we have 

observed in the particles grown from a Au/Pd seed, or next to that connection point (Figure 

4.17b), thereby suggesting that in this case twinning occurs during overgrowth, prior to the 

actual development of the bipyramidal shape. Therefore, it seems that the pure Pd seed does 

not need to be pentatwinned in order to obtain a pentatwinned structure. Due to the small size 

of the seeds, high resolution HAADF-STEM imaging of samples prepared by FIB milling is 

particularly useful in this case. Furthermore, due to the low contrast of the Pd seed in the 

HAADF-STEM images, EDX measurements are performed in order to confirm its presence 

and location. These results confirm that the seed can be positioned at the connection point of 
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the twin planes (Figure 4.18) or next to the connection point (Figure 4.19). In total, only 8 out 

of the 17 investigated bipyramids show a seed located at the connection point of the twin 

planes.  

 

Figure 4.17: The position of the Pd seed inside Au bipyramids is determined using 

multimode tomography. The seed is located either on the connection point of the five twin 

planes (a), or next to it (b). 

 

Figure 4.18: High resolution HAADF-STEM image of a bipyramid grown from a Pd seed. 

The bipyramid is oriented along a [110] axis. The bipyramid is cut by a FIB prior to the 

investigation to enhance the contrast of the Pd seed. EDX elemental maps are provided to 

confirm the presence of a Pd seed on the connection point of the five twins. 
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Figure 4.19: High resolution HAADF-STEM image of a bipyramid grown from a Pd seed. 

The bipyramid is oriented along a [110] axis. The bipyramid is cut by a FIB prior to the 

investigation to enhance the contrast of the Pd seed. EDX elemental maps are provided to 

confirm the presence of a Pd seed located off-center. 

4.4 Discussion 

Our results suggest that thermally treated Au seeds are stable over time. Therefore, it became 

possible to overgrow the Au seeds with a Pd layer. Hereby, the crystallinity of the seeds is 

preserved (seeds can have none, 1 or 5 twins), but the morphology of the seeds changes 

slightly. Indeed, depending on the amount of twins the Au/Pd seeds have most often an 

octahedral, triangular or spherical shape, whereas the pure Au seeds are all spherical. Next, 

these seeds were added to a growth solution to obtain bipyramids. From tomography we 

conclude that bipyramids can only be obtained starting from the pentatwinned Au/Pd seeds. 

Next, we investigate if the Pd layer will influence the growth mechanism. We observe with 

tomography that with an increasing amount of Pd, the seed will be located more off-center 

inside the longitudinal direction of the bipyramid. Therefore, we conclude that the Pd layer 
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will indeed have an influence on the growth mechanism. All these results are schematically 

illustrated in Figure 4.20. 

 

Figure 4.20: Schematic of the growth process of Au seeds toward Au/Pd seeds and their 

overgrowth with Au. Only pentatwinned seeds will result in pentatwinned bipyramids. 

Furthermore, it is clear that the amount of Pd will influence the growth mechanism. 
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In a next step, we investigated if bipyramids grown from a pure Pd seed undergo a different 

or similar growth mechanism in comparison to bipyramids grown from a Au/Pd seed. We 

conclude that for the pure Pd seeds, variation in the amount of twinning planes in the seed 

will influence the particle growth and independent on the number of twinning planes, all 

seeds can result in pentatwinned nanoparticles. However, for Au/Pd seeds, the system cannot 

support symmetry breaking and results in epitaxial growth. Indeed, only pentatwinned Au/Pd 

seeds result in pentatwinned bipyramids whereas Au/Pd seeds with a different crystallinity 

result in by-product (Figure 4.20). It has to be noted that the composition of the seed (Pd vs. 

Au/Pd) as well as the size (2 nm vs. 5 nm) can be the origin of the difference in growth 

mechanism. To untangle both effects (composition vs. size), similar experiments should be 

performed for seeds with the same composition and varying size or for seeds with similar size 

and varying composition. 

This investigation enables us to answer the question formulated in the introduction: Which 

growth mechanism do pentatwinned nanoparticles undergo and does the size of the seed 

influence the growth mechanism? Two different pathways are proposed in literature
26,73

. We 

conclude that the growth of pentatwinned structures on big (5nm) Au/Pd seeds is epitaxial 

and only possible when the seeds are already pentatwinned. Otherwise, spherical or cubic 

morphologies are obtained. Whereas for the growth of pentatwinned structures on small (2 

nm) Pd seeds, the formation of twinning planes can be induced during the growth. Therefore, 

the small Pd seeds do not necessarily need to be pentatwinned. A schematic of these results is 

shown in Figure 4.21. 
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Figure 4.21: Influence of the size/composition of the seed on the growth mechanism. 

4.5 Conclusion 

In this chapter, our novel dose-efficient multimode tomography approach is used to 

investigate the growth mechanism of pentatwinned nanoparticles. The position of the Pd 

containing seed with respect to the position of the twinning planes is investigated for 

differently shaped Au nanostructures. This investigation provides initial evidence suggesting 

that bipyramids grown from a core/shell Au/Pd seed undergo a different growth mechanism 

in comparison to bipyramids grown from a pure Pd seed. The first mechanism (Au/Pd seeds) 

consists of epitaxial growth of Au on the seed. In the second mechanism (Pd seeds), both 

epitaxial growth and the development of twinning planes during the growth are encountered. 
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To confirm these results, FIB milling is used to cut Au bipyramids, enabling the investigation 

of the position of the seed up to the atomic level by high resolution HAADF-STEM. 

Furthermore, we prove that the epitaxial growth mechanism is also applicable on the growth 

of Au rods and decahedra. 

Overall, these results confirm that the formation of bipyramids (and in general anisotropic 

nanoparticles) is strongly related to features of the seeds such as size, composition, and 

crystallinity, which can clearly alter the growth mechanism. In this context, multimode 

tomography characterization becomes an extremely valuable tool in understanding the 

influence of defects during the growth and gaining further control over the overgrown 

structures. 
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Chapter 5 

Multimode electron tomography as a 

tool to characterize the growth 

mechanism of branched Au 

nanoparticles 
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5. Multimode electron tomography as a tool to gain insight into the 

growth of branched Au nanoparticles 

5.1 Introduction 

In the previous chapter, the seed-mediated growth mechanism of pentatwinned Au 

bipyramids, rods and decahedra has been investigated using multimode tomography. In this 

chapter, the as-prepared Au rods and decahedra (grown from a pure Au seed) are used as new 

seeds to grow Au branches on the surface of the seeds (Figure 5.1). The formation of sharp 

branches at Au nanostructures is interesting since a high electric field enhancement is 

expected at their tips
76,77

, making them highly effective as SERS nanoprobes
175

. Furthermore, 

Au nanoparticles with sharp branches provide well-defined LSPRs and have a high refractive 

index sensitivity (RIS), defined as the shift in resonant wavelength per change in refractive 

index. Therefore, such Au nanoparticles are promising candidates for refractive index based 

sensors
176,177

. Indeed, Au nanostars with a LSPR at 1141 nm exhibit a RIS of 703 nm
178

, 

whereas Au nanospheres with LSPR at 550 nm exhibit a RIS of only 130 nm
179

. 

As the interesting properties of branched nanostructures originate from the branches it is 

important to gain insight into their growth mechanism. For branched nanoparticles grown 

from seeds without defects, it is known that branch growth initiates from seed vertices
79

. 

However, branch growth from pentatwinned seeds remains uninvestigated. To gain insight 

into the growth mechanism of these branched nanoparticles, multimode tomography is 

performed. By enabling the visualization of twinning planes and the location of the seed in 

the overgrown structure, we aim to answer the following question: Where does the growth of 

the branches initiate when starting from a pentatwinned seed? 
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Figure 5.1: Schematic of the seed-mediated growth mechanism used to synthesize branched 

pentatwinned rods and branched pentatwinned decahedra. 

5.2 3D characterization of the morphology and size of the seeds 

First, the morphology and the twinning planes of rod shaped seeds are investigated by 

multimode tomography as explained in Chapter 3. From the HAADF-STEM reconstruction 

(Figure 5.2a,d) we confirm that the seeds have a facetted rod shape. When segmenting the 

twinning planes from the LAADF-STEM reconstruction, it is clear that the rods are 

pentatwinned (Figure 5.2b,e). The twin planes extend through the whole structure. The 

dimensions of the twin planes can be measured from the LAADF-STEM reconstruction. To 

guarantee that the results are representative, twelve seeds are investigated by 2D LAADF-

STEM. First, a 2D LAADF-STEM image is acquired of a rod oriented along a [110] axis 

(Figure 5.2c). Such an orientation is not straightforward for rod shaped nanoparticles as they 

typically lie horizontally rather than stand vertically on the support grid and therefore at 0° 

tilt they are perpendicular to the electron beam. Since the nanoparticle cannot tilt over 90° in 

the electron microscope, the nanoparticles perpendicular to the electron beam cannot be 

oriented along a [110] axis. Therefore, grids with an inhomogeneous surface (uncontrolled 

deposition of the carbon coating) are chosen for this experiment to increase the amount of 

rods lying in a more parallel orientation with the electron beam. In the [110] orientation 

(Figure 5.2c), the twin planes are parallel to the electron beam. Therefore, such images can be 

used to measure the width of the twin planes. Next, the particle is oriented perpendicularly to 

the electron beam (90° tilt from the previous orientation) and again a 2D image is acquired 
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from which the length of the twin planes can be obtained (Figure 5.2f). These measurements 

are performed for twelve different seeds and an average length of 81.6±4.2 nm and width of 

57.2±3.6 nm is found. 

 

Figure 5.2: 3D visualization of the HAADF-STEM reconstruction (a,d) and the overlay with 

the twin planes segmented from the LAADF-STEM reconstruction (b,e). 2D LAADF-STEM 

image acquired with the beam perpendicular (c) and parallel (f) with the seed. 

The same investigation is performed on decahedral seeds. To investigate their morphology, 

tilt series are simultaneously acquired using HAADF-STEM and LAADF-STEM. These 

results are shown in Figure 5.3, from which it is clear that the seeds have a pentatwinned 

decahedral shape. Again, the dimensions of the twins are measured by acquiring 2D LAADF-

STEM images of the seed oriented in a [110] axis and a second image is acquired after tilting 

the seed over 90°. These measurements are performed for twelve seeds, resulting in a 

medium length of 61.5±1.2 nm and width of 75.7±2.5 nm, respectively.  

These rods and decahedra are used to grow branched structures. To understand the growth 

mechanism, the branched structures are investigated by multimode tomography. 
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Figure 5.3: 3D visualization of the HAADF-STEM reconstruction (a,d) and the overlay with 

the twin planes segmented from the LAADF-STEM reconstruction (b,e). 2D LAADF-STEM 

image acquired with the beam perpendicular (c) and parallel (f) to the seed. 

5.3 3D characterization of the morphology and size of the branched structures 

A 2D HAADF-STEM overview image of the branched structures grown from the rods and 

decahedra is shown in Figure 5.4. To investigate the morphology and the twinning planes of 

the branched structures, multimode tomography is performed. The HAADF-STEM 

reconstruction (Figure 5.5a,b) shows that the nanoparticles have a rod shape containing five 

branches at each side. When segmenting the twinning planes from the LAADF-STEM 

reconstruction a pentatwinned morphology can be observed (Figure 5.5c,d).  
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Figure 5.4: HAADF-STEM overview image of branches rods and decahedra, respectively. 

 

Figure 5.5: 3D visualization of the HAADF-STEM reconstruction (a,b) and the overlay with 

the twin planes segmented from the LAADF-STEM reconstruction (c,d). 

The deformation of a pentagonal Au structure containing {111} facets (seeds) toward a 

pentagonal structure exclusively bound by {110} facets (branched structures) has been 

observed in the past
180

, but it is not yet well understood. The {111} facets of the seed are 

easily understood as they are thermodynamically favorable. Indeed, the surface energy of 

different crystallographic facets for Au follows the order of Ƴ{111} < Ƴ{100} < Ƴ{110}
180

. 

Therefore, the growth rate on the {110} facets is favorable as it will result in gradual 
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disappearance of the {110} facets. To understand the presence of {110} facets in the 

overgrown structures, it has been proposed that N,N-dimethylformamide (DMF) will bind to 

the {110} facets of the pentatwinned decahedral seed during the growth, preventing the 

growth on the {110} facets and the these facets remain present
180

. 

Here, a similar deformation can be observed. Indeed, as shown in Figure 5.6, the twin planes 

run in the seed toward the corners, whereas the twin planes in the branched structures run 

toward the faces. The seeds have {111} facets which is thermodynamically favorable, but the 

branched structures have different facets. In contrast to previous work
180

, here the branched 

structures are grown in the absence of DMF. We hypothesize that the competition between 

thermodynamics and kinetics is the origin of this growth mechanism. On the one hand, when 

we take the surface energy into account it is thermodynamically more favorable to have 

{111} facets at the surface. On the other hand, for a similar volume, twinning planes are 

longer when they run toward the corners in comparison to when they run toward the faces 

(Figure 5.7). Therefore, less strain is expected when twin planes run toward the faces which 

results in different facets. For the Au seeds, minimizing the surface energy seems to be most 

dominant, whereas kinetics seems to become the dominant factor for bigger Au structures. 

 

Figure 5.6: Twin planes in the seed run toward the corners, whereas twin planes in the final 

structure run toward the edges. The growth from seed toward the final structure is indicated 

with arrows. 
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Figure 5.7: Two pentatwinned nanoparticles with the same volume but twinning planes 

running toward the corners or the faces. It is clear that the twin planes are shorter in the latter. 

The difference is indicated with red. 

Furthermore, it can be observed from the LAADF-STEM reconstruction (Figure 5.5c,d) that 

twin planes do not continue into the branches and the reconstruction reveals that branch 

growth initiates from the seed faces. Since the twin planes do not extend through the whole 

structure (the HAADF-STEM reconstruction exceeds the segmented twin planes), the 

dimensions of the twin planes need to be measured from the 3D LAADF-STEM 

reconstruction. Multimode tomography is performed on five different branched rods. The 

twin planes are segmented from the LAADF-STEM reconstruction from which the 

dimensions of the twin planes can be measured, resulting in an average width of 124±15 nm 

and length of 174±11 nm, respectively. Compared to the dimensions of the seed (57.2 nm and 

81.6 nm), it is clear that the growth of the twinning planes in the transversal direction is much 

slower in comparison to growth in the longitudinal direction (66.8 nm vs. 92.4 nm). 

Furthermore, since these dimensions are much larger in comparison to the twin planes in the 

seed, it is clear that the twinning planes have grown before the growth of the branches 

became dominant. It can be hypothesized that branche growth is a way to release strain in the 

overall structure. Indeed, it is known that the strain in nanoparticles can be significant enough 

to initiate relief mechanisms such as surface roughening or the introduction of dislocations 

and grain boundaries
181,182,183

. Since it is known that pentatwinned structures contain strain 
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due to the incomplete filling of the five tetrahedral domains, it can be hypothesized that the 

symmetry breaking is another relief mechanism as it will minimize the propagation of the 

planar defects. 

Next, tilt series of five different branched decahedra are acquired simultaneously in HAADF-

STEM and LAADF-STEM mode. The HAADF-STEM reconstruction (Figure 5.8a,b) shows 

that the nanoparticles have a similar morphology as the branched rods, but have a decreased 

aspect ratio in comparison. When segmenting the twinning planes from the LAADF-STEM 

reconstruction it is confirmed that the rods are pentatwinned (Figure 5.8c,d) and the twin 

planes do not continue into the branches. When measuring the dimensions of the twin planes 

from the LAADF-STEM reconstruction, an average width of 109.7±7.9 nm and length of 

121.7±2.6 nm are obtained. Compared to the dimensions of the seed (75.7 nm and 61.5 nm) it 

is clear that the twinning planes grew less in the transversal direction in comparison to the 

longitudinal direction (34.0 nm vs. 60.2 nm). This effect has been observed for the previous 

particles as well. It is not surprising as growth in the transversal direction will result in 

increasing lattice strain to compensate for the 7.5° gap between the five tetrahedral domains, 

whereas the strain will remain constant with growth in the length
23

. 
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Figure 5.8: 3D visualization of the HAADF-STEM reconstruction (a,b) and the overlay with 

the twin planes segmented from the LAADF-STEM reconstruction (c,d). 

We conclude that for pentatwinned seeds the branch growth initiates from the seed faces, 

which is in contrast from the growth of branched structure from seeds without planer defects 

where growth initiates from seed vertices
79

. 

5.4 Conclusion 

In this chapter, multimode tomography is used to investigate the growth from a pentatwinned 

Au rod or decahedron toward branched nanostructures. We observed that the twinning planes 

in the seeds and the branched structures run toward the corners or faces, respectively, which 

we believe is related to the competition between thermodynamics and kinetics. Furthermore, 

we conclude that the twinning planes continued to grow in the overgrown structure before the 

growth of the branches became dominant. It is hypothesized that this symmetry breaking is a 

way to decrease the strain on the structure. Finally, we can conclude that the branch growth 

initiates from seed faces, which contrasts with growth from seeds without planar defects 

where branches initiate at seed vertices.  
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6. Novel approaches for the investigation of the growth of homogeneous 

nanoparticles: an outlook 

6.1 Introduction 

In the previous chapters we have enabled the visualization of twin planes by multimode 

tomography and have been able to investigate seeds in the overgrown structure. This 

approach yields insights into the growth mechanism of pentatwinned nanoparticles. However, 

open challenges remain for investigating the growth mechanism. Here, I will present two 

possible solutions to improve the investigation of the growth mechanism of homogeneous 

nanoparticles. A first problem is the long acquisition time of (multimode) tomography, 

hampering its use for statistical analysis. A second problem is related to the investigation of 

Ag assisted growth of Au rods. To understand such a growth mechanism it is important to be 

able to investigate the chemical distribution of Ag in the Au rods. However, current 

techniques require a critical amount of Ag, but a novel technique is required for investigating 

a small amount of Ag.  

The optimization of multimode tomography enabled the visualization of twin planes. 

However, the need for a long acquisition time will limit the amount of materials that can be 

investigated in a reasonable time. Specialized reconstruction algorithms capable of working 

with limited input data are one possible approach to increase the through-put of electron 

tomography. It has been shown that including prior knowledge on the gray values of the 

reconstructed object results in more accurate reconstructions when only a small number of 

projection images is available
138

. Furthermore, reconstructions based on neural networks 

require five times less input data in comparison to a conventional reconstruction technique
184

. 

However, these techniques are optimized for HAADF-STEM reconstructions and therefore 

not capable of visualizing twin planes. Instead of optimizing the reconstruction algorithm, the 
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acquisition can be improved. Therefore, a novel acquisition technique is explored in this 

chapter for studying twinning planes with higher throughput. Additionally, as the acquisition 

is much faster, the investigation of twinning planes in beam sensitive materials becomes 

possible. 

Another challenge that will be tackled in this chapter is the investigation of Ag assisted 

growth of Au nanorods. It is of crucial importance to investigate the distribution of Ag in the 

Au nanoparticle to understand their growth mechanism. At the atomic scale, the distribution 

of Au/Ag core/shell nanoparticles has been investigated using different approaches among 

which atom counting from a 2D image
185

 and high resolution electron tomography
186

. In our 

case, the low amount of Ag will hamper such analyses. Therefore, the ability of a high speed 

4D pixelated detector is explored to answer the following question from the first chapter: Is 

Ag present in Au rods grown by Ag assistance? If so, where is it located? 

6.2 Fast multimode tomography 

A major limitation in electron tomography is the fact that the necessary time to acquire a 

tomographic tilt series of images is relatively long (approximately 1 hour), making the 

technique unsuitable for statistical purposes. Recently, a novel acquisition technique, during 

which a tilt series of 2D projection images is acquired within a few minutes, has been 

developed
187

. Here, a series of TEM images is acquired while rotating the tomography holder 

continuously. The use of TEM images is, however, not ideal for tomography in material 

science as the projection requirement will be violated. Therefore, this technique is adapted by 

combining the fast tomography approach with HAADF-STEM imaging. By continuously 

rotating the holder and simultaneously acquiring projection images while focusing and 

tracking the particle, the total acquisition time is reduced by a factor of approximately 10. 
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Here, we investigated if the technique could be combined with the multimode tomography 

approach to visualize twinning planes in 3D in a pentatwinned Au decahedron. To investigate 

the quality of the fast tomography series the results will be compared to a conventional tilt 

series of HAADF-STEM and LAADF-STEM images. For the conventional experiment, the 

sample is tilted between ±70° with a tilt increment of 2°. For every tilt angle, the particle is 

shifted back to the middle of the field of view and the image is refocused before acquisition. 

A 3D visualization of the HAADF-STEM reconstruction, shown in Figure 6.1a, indicates the 

octahedral shape of the nanoparticle and the pentatwinned morphology is clear from the 

orthoslice through the LAADF-STEM reconstruction, shown in Figure 6.1c. Next, a tilt series 

is acquired from the same nanoparticle in a continuous manner, meaning that the holder is 

rotating continuously and intermediate refocusing and repositioning is performed while 

tilting. In this manner, 264 frames are acquired within 5 minutes. Projection images that yield 

distortions due to focusing or repositioning have been excluded and the rest of the tilt series is 

aligned and serves as an input for the reconstruction. Figure 6.1b shows the resulting 3D 

HAADF-STEM reconstruction. It is clear that the morphology is in good agreement to the 

conventional reconstruction. However, when calculating the shape error of the fast series 

considering the conventional series as a ground truth, a mismatch of 12% is observed. Figure 

6.1d shows an orthoslice through the resulting LAADF-STEM reconstruction, of which the 

pentatwinned morphology is obvious and even though the twins are blurred in comparison to 

the conventional experiment, they can still be observed through the whole structure. It is clear 

that these results open the pathway to investigate twinning planes much faster, enabling 

statistics or/and the investigation of beam sensitive materials, at the cost of a significant 

shape error. 
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Figure 6.1: 3D visualization of the outcome of a conventional HAADF-STEM tomography 

experiment (a) and a fast HAADF-STEM tomography experiment (b). Orthoslice through the 

outcome of a conventional LAADF-STEM tomography experiment (c) and a fast LAADF-

STEM tomography experiment (d). 

6.3 From 2D to 3D using a 4D pixelated detector 

During the growth procedure, many parameters can be tuned to obtain nanoparticles with a 

desired morphology. Often the growth rate on different facets of the seed is controlled by 

adding additives during the second step of the seed mediated growth. In this manner, particles 

with different morphologies can be obtained. For example, the presence of Ag
+
 ions during 

the synthesis will influence the end morphology as the ions will adsorb on preferential facets 

of the Au seeds influencing the deposition of Au atoms on these facets which results in 

symmetry breaking
19

. Determining if the Ag remains present in the final Au rod and, if so, 

where the Ag is located precisely is an important research topic. Indeed, the presence of Ag 

will influence the optical properties
32

 and the location of Ag ions in the Au rod could support 

or revoke the hypothesis that Ag ions are deposited on the {110} facets of the seed, which it 
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thought to be the origin of rod growth
19

. However, if Ag is incorporated in the final structure, 

the amount of Ag is expected to be very low. Furthermore, the nanoparticles cannot withstand 

prolonged electron beam irradiation. Therefore, high resolution tomography is unsuitable for 

investigating the distribution of Ag.  

When acquiring a high resolution HAADF-STEM image, the intensity of each projected 

atomic column scales linearly with the thickness of the specimen. Therefore, statistical 

parameter estimation methods can be used to determine the number of atoms in each 

projected atomic column
155,156

, from which the atomic structure can be obtained in 3D. 

Furthermore, the Z-number dependence of the STEM signal varies with the scattering 

angle
188,189

. Therefore, both counting the number of atoms and determining the chemical 

composition at once is possible when acquiring images in multiple detector regimes. As 

discussed in the previous section, changing the inner and outer collection angle of the 

(HA)ADF-detector can be obtained by changing the camera length of the detector. However, 

between successive images, slight changes can occur in the atomic structure of the particle 

due to beam damage. Therefore, it is more efficient to acquire images in both detector 

regimes simultaneously. This can be obtained using different annular detectors. A 

disadvantage of this approach is the limited freedom in selecting the detector angles, as the 

detector angles are fixed for a certain camera length. For example, at a camera length of 115 

mm the inner and outer collection angles are at fixed values of 46-215 mrad for the HAADF-

STEM detector and 10-38 mrad for the so-called DF4 detector. Here we demonstrate how an 

ultrafast pixelated detector (Medipix3 Merlin) can be used to overcome the current 

limitations. A schematic illustration of the experimental set-up is shown in Figure 6.2. This 

approach has a strong resemblance with the ASTAR external camera used for SED 

tomography. However, in this case, the resolution is much higher (70 pm in comparison to 1 
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nm) as a small, convergent STEM probe is used. Furthermore, the Merlin detector combines 

direct electron detection with a rapid read-out, therefore the required electron dose to obtain 

meaningful data can be reduced and results are obtained much faster. The Merlin detector 

acquires the convergent beam electron diffraction pattern for each probe position in the 

STEM images. There is a linear dependence between the angular range on the convergent 

beam and the scattering angle. Therefore, these diffraction images can be converted to real 

space information on the angle to which the electrons scattered. In this manner, we can obtain 

multiple images choosing both the inner and outer collection angle. 

 

Figure 6.2: Schematic illustration of the 4D pixelated detector. A full diffraction pattern is 

acquired for each raster position, thereby obtaining a 4D data set. 

Using the Merlin Hybrid Pixel Detector, a 4D dataset is recorded of a nanoparticles in zone 

orientation, consisting of the full convergent beam electron diffraction patterns per probe 

position. From this 4D dataset, the user can create ADF-STEM images during post-

processing with a self-chosen inner and outer collection angle. The HAADF regime is 

selected to make high resolution STEM images from which the number of atoms can be 

counted, as in this case the experimental images and image simulations are in agreement. 

Since plasmon excitations are not considered in the image simulations
190

, errors are present in 

the calculated electron scattering toward low angles, which makes LAADF images unsuitable 

for quantification of the number of atoms. By using statistical detection theory
191,192,193

, the 
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optimal inner and outer detection angles are calculated for determining both the thickness and 

composition. Statistical detection theory approaches this discrete problem as a statistical 

hypothesis test
194

. Here, each hypothesis corresponds to a possible thickness and composition 

of a column. Statistical detection theory will calculate the probability of error, e.g. the 

probability to choose the wrong hypothesis. By minimizing this probability, the results 

indicate that a combination of two detector regimes, ranging from 60-75 mrad and 80-95 

mrad, are optimal for finding the thickness and composition. The experimental images under 

these optimal angles are shown in Figure 6.3a and b, respectively. 

 

Figure 6.3: Experimental HAADF-STEM images of a Au(Ag) nanorod, recorded by the 

Merlin Hybrid Pixel Detector. 

The so-called scattering cross-section, corresponding to the total intensity of electrons 

scattered by a single atomic column, can be used to count the number of atoms in a column. 

This measure increases monotonically with thickness and is robust to probe parameters, such 

as defocus and aberrations
195

. For mixed columns, atom-counting is more complicated as the 

scattering cross-section depends on the atom ordering in a column. An illustration of this 
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effect is shown in Figure 6.4a, where the depth location of a single Pt atom in an eight-atom-

thick column of Co modifies the scattering cross-section. Therefore, a quantitative method is 

needed, which can recognise every possible 3D column configuration, which is already more 

than 2.10
6
 for a 20-atom-thick binary alloy having all possible ratios between both elements. 

Image simulation could provide this information, but the tremendous amount of computing 

time makes it an impossible task. Therefore, the atomic lensing model has been developed by 

K. H. W. van den Bos et al.
185

, which predicts from image simulations of pure columns the 

scattering cross-section of any mixed column. In contrast to a linear model neglecting 

electron channeling
196

, the atomic lensing model takes dynamical diffraction into account and 

therefore predicts scattering cross-sections in a reliable manner, as illustrated in Figure 6.4. 

In order to count the number of atoms, the experimental images have been normalised with 

respect to the total number of incident electrons to enable a direct comparison to image 

simulations. The StatSTEM software, developed by A. De Backer et al.
158

, has been used to 

quantify the experimental scattering cross-section of each atomic column. The MULTEM 

software, developed by I. Lobato et al.
197

, has been used to perform image simulations under 

the experimental conditions of both a pure Ag and Au crystal viewed along the [110] 

direction. Next, the atomic lensing model has been employed to predict the simulated 

scattering cross-sections of mixed columns, containing both Au and Ag atoms. In order to 

count the number of atoms in each atomic column, the scattering cross-sections in both 

experimental HAADF-STEM images are simultaneously compared to the computed values 

from simulations. The counting results are shown in Figure 6.5. The results clearly indicate 

that most of the Ag is present at the tip of the nanorod. Also the edges of the nanorod contain 

Ag, making it most likely that the nanorod has a core-shell structure. 
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Figure 6.4: The atomic lensing model for different column configurations compared to image 

simulations and a linear model neglecting channeling. (a) An eight-atom-thick column of Co 

atoms containing one Pt atom at different depth locations. (b) A fcc Au-Ag crystal in [110] 

zone-axis orientation, with Au and Ag atoms alternating
185

. 

 

Figure 6.5: HAADF-STEM images of a Au(Ag) nanorod. The number of (a) Ag and (b) Au 

atoms and (c) the total number of atoms of a nanorod imaged along the [110] direction. 
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As illustrated in Figure 6.6, the same thickness profile can be obtained for different crystal 

structures. As a consequence, prior knowledge is required to retrieve the atomic structure in 

3D. For example, the atomic structure of nanocrystals is successfully obtained by combining 

atom counts from a single viewing direction with ab initio calculations
152

 or molecular 

dynamics
153,154

. Here, a first 3D model is made by putting all atoms in the direction of the 

electron beam symmetrical around a common plane (e.g. if a column contains four atoms, 

two atoms are positioned above the plane and two below the plane), taking the crystal 

structure into account. Furthermore, as the 2D images seem to indicate a core/shell Au/Ag 

structure, we position the Ag atoms at the surface of the Au rod. These results are shown in 

Figure 6.7, from which it seems Ag forms a shell completely covering the Au rod. However, 

outliers make it hard to interpret the 3D reconstruction. Further optimization of the 

experiment is required, such as averaging between multiple 4D datasets by which outliers 

will be removed. To enable the investigation of the thickness of the Ag shell, an averaged 

cross section is provided in Figure 6.7c. An average thickness of 4 Ag atoms is observed and 

at the tip (first 20 columns) 45.85±1.21% of the atoms are Ag (54.15% are Au). We conclude 

that Ag remains present at the surface of the Au rods and therefore it will influence the 

optical properties. 

 

Figure 6.6: Two different crystal structures resulting in the same projection image. 
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Figure 6.7: A 3D atomic model (a,b) and average cross section (c) of the AuAg nanorod. 

Atoms are placed symmetrically, where Au atoms are located in the center and Ag atoms are 

at the border. 

It is believed that the deposition of Ag ions on Au facets will reduce the growth of these 

facets. Therefore, it is hypothesised that Ag ions are deposited more on the long sides of the 

rod and less on the tips, which will stimulate the growth in the directions of the tips
19

. 

Consequently, a longer rod is expected to have less Ag at their tips. To investigate this 

hypothesis, a longer rod (23 nm vs. 15 nm) is investigated. Experimental images at 60-75 

mrad and 80-95 mrad are provided in Figure 6.8. Using the same approach as described 

above the amount of Ag and Au atoms are counted (Figure 6.9a and b) and an average cross-

section is obtained (Figure 6.9c). Similar to the previous rods a core/shell structure is 

observed with an average shell-thickness of 4 Ag atoms. However, the amount of Ag atoms 

at the tips (36.56±1.00%) is lower in comparison to the rod with higher aspect ratio. This is a 

strong indication that Ag at the surface will reduce the growth of Au and consequently, a 

lower amount of Ag at the tips will result in longer rods. 
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Figure 6.8: Experimental HAADF-STEM images of a Au(Ag) nanorod, recorded by the 

Merlin Hybrid Pixel Detector. 

 

Figure 6.9: HAADF-STEM images of a Au(Ag) nanorod. The number of (a) Ag and (b) Au 

atoms of a nanorod imaged along the [110] direction and an average cross section (c). 

6.4 Conclusion 

We have proven the great potential of combining multimode tomography with fast 

tomography. This approach will largely improve the through-put of multimode tomography. 

Furthermore, it has to be noted that the electron dose is largely reduced in comparison to the 

standard multimode tomography. This is not very advantageous for Au nanoparticles, but 
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twinning planes can also occur in beam sensitive materials. As a consequence, this fast 

approach enables the investigation of such beam sensitive materials. 

Furthermore, we have confirmed the applicability of a 4D pixelated detector to investigate the 

morphology as well as the chemical distribution of Ag in a Au nanorod, even though the 

concentration of Ag is relatively low and the Ag layer is very instable. For the Ag assisted 

synthesis of Au nanorods we conclude that Ag remains present at the surface of Au rods. It 

has to be noted that Ag assistance has also been used to obtain different morphologies such as 

bipyramids and decahedra
19,167

. The here developed approach is expected to enable the 

investigation of these structures as well. 
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Part 2: 3D Characterization of heterogeneous 

nanoparticles to obtain a better understanding 

of their growth 

 

This part is based on: 

Reguera, J., de Aberasturi, D. J., Winckelmans, N., Langer, J., Bals, S., & Liz-Marzán, L. M. 

(2016). Synthesis of Janus plasmonic–magnetic, star–sphere nanoparticles, and their 

application in SERS detection. Faraday discussions, 191, 47-59. 

Lak, A., Cassani, M., Mai, B. T., Winckelmans, N., Cabrera, D., Sadrollahi, E., Marras, S., 

Remmer, H., Fiorito, S., Cremades, L., Litterst, F. J., Ludwig, F., Manna, L., Teran, F. J., 

Bals, S. & Pellegrino, T. (2018). Designing Fe3O4 Nanocubes for Intracellular Magnetic 

Hyperthermia: Unraveling the Role of Fe2+ Deficiencies, FeO Sub-Domains, and Structural 

Defects. Nano Letters (submitted) 

Feld, A., Weimer, A., Kornowski, A., Winckelmans, N., Merkl, J., Kloust, H., Schmidtke, C., 

Schotten, T., Riedner, M., Bals, S. & Weller, H. (2018). Chemistry of Shape-Controlled Iron 

Oxide Nanocrystal Formation. ACS Nano (submitted) 

In this part of the thesis, I have been responsible for all TEM acquisitions and the 

reconstruction and quantification of all tomography experiments. Synthesis of the Janus 

nanoparticles and measurement of their properties is carried out at CIC biomaGUNE (Spain), 

whereas the synthesis of the FeOx nanoparticles and property measurements, such as the 

specific absorption rate, are carried out at Instituto Italiano di Technologia (Italy) and the 

Institute of Physical Chemistry (Hamburg).  
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Chapter 7 

Investigation of the morphology and 

chemical composition of Au/FeOx 

Janus nanoparticles 
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7. Investigation of the morphology and chemical composition of Au/FeOx 

Janus nanoparticles 

7.1 Introduction 

Multicomponent nanoparticles are of particular significance due to a unique combination of 

properties at the nanoscale. A case of special interest among heterogeneous nanoparticles are 

those who present two chemically different and spatially separated surface domains, a.k.a. 

Janus nanoparticles. These particles are of particular interest in applications in which a spatial 

separation of functionalities is required
48,49,50

. For example, to make catalysts more 

environmentally friendly, Janus nanoparticles are used to recover the catalysts after their 

reaction after which they can be recycled. Crossley et al.
198

 added catalytically active metals, 

such as Pd, to amphiphilic Janus nanoparticles that are selectively located at the interface 

between an aqueous and organic phase (Figure 7.1). After the catalytic reaction the Janus 

nanoparticles can be separated from the liquid by methods such as filtration. 

 

Figure 7.1: Janus nanoparticles containing a hydrophilic metal oxide nanoparticle (orange) 

and hydrophilic carbon nanotubes (white) are located at the water-oil interface. The addition 

of Pd (yellow) creates catalysts that can work in both phases. In this reaction, MgO catalysed 

a coupling reaction of 5-methylfurfural and acetone that is useful in biofuel production
199

. 
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In a second example, functional nanoparticles combine FeOx and Au in a Janus morphology. 

FeOx nanoparticles are of high interest due to their magnetic properties and biocompatibility 

and are used in a wide range of applications ranging from medical diagnosis to treatment. For 

example, FeOx nanoparticles can be simultaneously used for MRI
200,201,202

 and hyperthermia 

cancer treatment
92,93,203

. A schematic illustration of both techniques is shown in Figure 7.2. In 

both cases, the surface of the FeOx nanoparticles is functionalized with target ligands which 

can direct the FeOx nanoparticles toward a tumor after injection. MRI is a non-invasive 

diagnostic imaging technique that uses the interaction between a strong magnetic radio-

frequency pulse and the hydrogen nuclei in the body. Due to the contrast agents hydrogen 

atoms will relax quickly, enhancing the contrast in the MRI image
200,201,202

. For such 

applications it is a major benefit that FeOx nanoparticles are superparamagnetic. Otherwise, 

the nanoparticles would agglomerate after injection, causing the embolization of the capillary 

vessels
204

. 

 

Figure 7.2: A schematic illustration of FeOx nanoparticles applied for MRI diagnosis and 

hyperthermia therapy of a tumor
205

. 
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For the hyperthermic cancer treatment, an alternating magnetic field is applied and the 

nanoparticles go through multiple magnetization-demagnetization hysteresis loops converting 

the magnetic energy to localized heat. Above 42°C natural enzymatic processes that keep the 

cells alive are destroyed. Therefore keeping the local temperature above this critical 

temperature for more than 30 minutes results in the destruction of the tumor cells
93

. 

Au nanoparticles, on the other hand, exhibit LSPR, which result in efficient absorption and 

scattering of light at specific wavelengths that can be tuned through the size and shape of the 

nanoparticles
11

. This makes them attractive candidates as colorimetric sensors
206

, nanoprobes 

for SERS
207

, labels for imaging
208

, or targeting agents for photothermal treatment of cancer 

tissue
44,209

. Among the numerous examples of Au nanoparticles, Au nanostars are of interest 

because of their strong light absorption at the near-infrared (NIR) transparency window of 

biological tissue
210

 as well as the high electric field enhancements that can be induced at their 

tips
76,77

, rendering them highly effective as SERS nanoprobes
175

. Overall, it is clear that the 

combination of FeOx and Au in one particle will lead to great properties for medical 

applications, such as multifunctional contrast agents
89

. 

Next to being promising candidates for medical applications, Au/FeOx Janus particles are 

also of interest for catalysis. It has been shown that Au nanoparticles dispersed on an oxide 

support show a much higher catalytic activity than individual Au nanoparticles
211,212

. It is 

believed that the electronic structures of both the metal and the oxide support are modified by 

electron transfer across the interface, giving rise to oxygen vacancies on the oxide support 

that become active sites for oxygen absorption and activation
55,56

. In this respect, Au/FeOx 

nanoparticles have shown a synergetic effect in catalysing H2O2 reduction
213

. Furthermore, 

Janus dumbbell-like nanoparticles made of Au and FeOx have been previously reported to 

exhibit improved magnetic properties
64

. Since these dumbbells are prepared by thermal 
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decomposition of Fe(CO)5 over the surface of a Au seed (Figure 7.3a-b), the Au lobe is 

typically small (5–10 nm) in comparison to the FeOx lobe (10–20 nm). This results in a weak 

LSPR band, thereby hindering applications for which a strong plasmonic behavior is 

required. However, nanoparticles with both strong magnetic and optical properties can be 

used as multifunctional contrast agents for both photoacoustic and magnetic resonance 

imaging
89

. Therefore, here a novel synthesis approach aims to synthesize Au/FeOx 

nanoparticles with improved plasmonic behavior by changing the morphology of the Au 

domain from a sphere toward a star. For that, the Au/FeOx dumbbells prepared from 

established synthesis protocols
64

 are used as seeds to obtain Au/FeOx star/sphere 

nanoparticles by injecting them in a solution containing HAuCl4 resulting in continued 

growth of the Au domain (Figure 7.3c). Large poly(vinylpyrrolidone) concentrations are used 

during the growth as it has been experimentally observed that these high concentrations result 

in the formation of branches
214

.  

Next to individual nanoparticles, assemblies of nanoparticles are extensively investigated 

since they exhibit coupled optical, electronic and magnetic properties that are different from 

single nanoparticles
215,216

. However, assemblies of Janus nanoparticles have rarely been 

investigated. Only recently, assemblies of dumbbell Au/FeOx Janus structures have been 

obtained
89

. Due to the interparticle plasmonic coupling between Au and FeOx, these 

assemblies exhibit significantly enhanced SERS, photoacoustic and magnetic properties in 

comparison to individual Janus nanoparticles. However, the assembly of Au/FeOx star/sphere 

Janus nanoparticles has not been obtained yet. 
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Figure 7.3: Schematic illustration of the synthesis of Janus magnetic nanostars through 

consecutive seed-and-growth-steps. (a) Synthesis of Au seed. (b) Growth of an FeOx 

nanoparticle through the thermal decomposition of Fe(CO5) and subsequent oxidation 

resulting in nanodumbbells. (c) Growth of a Au nanostar using the nanodumbbells as seeds. 

In the first part of this chapter, we will investigate the obtained 3D structure and chemical 

distribution as well as the influence of the molar ratio between Au and Fe on the morphology 

of the Janus nanoparticle and relate these morphological changes to their optical properties. 

In the next step, the influence of heating on the morphology of the Au domain is investigated. 

Au nanoparticles are often used in applications in which they are irradiated with a (pulsed) 

laser e.g. as with photothermal cancer therapy
84

. In such applications the Au nanoparticles are 

slightly heated
85,86

 and it has been observed that morphological changes might occur
87,88

. To 

investigate the use of our Janus nanoparticles in such applications, we will investigate 

possible heat induced morphological changes by electron microscopy. 

Since assemblies of Au/FeOx star/sphere Janus nanoparticles have not been obtained yet, the 

last part of the chapter will focus on such assemblies. Extra steps in the synthesis aim to 

assemble Au/FeOx star/sphere Janus particles. For that, the Janus particles are grafted with 

hydrophilic polyethylene glycol (PEG) on FeOx and hydrophobic polystyrene (PS) on Au, 



147 

 

resulting in so-called nanoamphiphilies. Self-assembly in aqueous media will drive these 

functionalized Janus nanoparticles to grow in a micellar structure with the hydrophobic Au in 

the center (Figure 7.4). Electron microscopy is used to investigate if the assembly of the 

Janus nanoparticles into a micellar structure has been successful. 

 

Figure 7.4: Schematic illustration of the Janus Au/FeOx nanoparticles grafted with 

hydrophilic PEG on FeOx and hydrophobic PS on Au. Self-assembly in aqueous media will 

result in double-layered micelles. 

To summarize, the following questions will be answered in this chapter: 

 Does the growth of the Au domain of Au/FeOx nanodumbbells preserve the Janus 

character of nanoparticles? Can the [Au]/[Fe] ratio influence the morphology of the 

Au domain and can it be used to gain control over the optical properties? 

 Does the morphology of the nanoparticles change upon heating? 

 Will the functionalization of the star shaped Janus nanoparticles result in self-

assembled micellar clusters? 

7.2 3D characterization of Au/FeOx Janus nanoparticles by EDX tomography and 

multimode tomography 

As is clear from the previous chapters, HAADF-STEM tomography has become a standard 

technique to investigate the 3D morphology of nanoparticles. For heterogeneous 



148 

 

nanoparticles, also the chemical distribution can be investigated by HAADF-STEM since the 

intensity scales with the atomic number. Unfortunately, HAADF-STEM is unable to 

investigate the chemical distribution in certain nanoparticles, such as alloys or nanoparticles 

containing chemical components with a very similar atomic number. Similarly, in order to 

investigate the morphology and chemical distribution of Janus Au/FeOx nanostars in 3D, 

HAADF-STEM tomography is not sufficient due to the relatively large contrast difference 

between the small FeOx (ZFe=26, ZO=8) nanoparticle and the relatively large Au (ZAu=79) 

star. Either the contrast is ideal to image Au, but then the contrast of FeOx is insufficient 

(Figure 7.5a), or the contrast is ideal to image FeOx, but then Au will saturate the detector 

(Figure 7.5b). Therefore, a more sophisticated technique is required. In the following, EDX 

tomography and multimode tomography are introduced to investigate the spatial distribution 

of Au and FeOx.  

 

Figure 7.5: HAADF-STEM overview image of the Janus nanostars showing a uniform size 

distribution. Depending on the contrast and brightness settings, FeOx will not be visible (a) or 

Au will saturate the detector (b). 
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7.2.1 Chemical characterization of Au/FeOx Janus nanoparticles by EDX tomography 

To visualize the FeOx and the Au simultaneously, EDX can be used. Figure 7.6 displays 2D 

EDX maps of Au and Fe revealing that the Fe part is spherical and the Au has an irregular 

shape. However, the exact morphology is undetermined by these 2D elemental maps, 

therefore EDX tomography is required. 

 

Figure 7.6: HAADF-STEM image of a FeOx/Au nanostar, in which only the Au is detectable 

and elemental maps of both Au and Fe. The overlap of all three is shown in the last image. 

To investigate the 3D distribution of the elements, EDX chemical mapping is combined with 

electron tomography. Each step of such an experiment is discussed in detail in the following 

paragraphs. 

Acquisition of an EDX tilt series 

Since the acquisition time for a single EDX map is much longer than the acquisition time of a 

HAADF-STEM image, the electron dose necessary to perform a complete tomography 

experiment is much higher compared to a HAADF-STEM series. Not only the investigated 

nanostructures need to resist these long exposure times, but also the carbon foil covering the 

support grid has to be robust to the electron beam, hampering the use of EDX combined with 

tomography. However, due to the development of the Super-X detection system, discussed in 

Chapter 2, the efficiency of X-ray detection has largely improved. Indeed, the novel detector 
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geometry contains 4 EDX detectors that are symmetrically arranged around the sample, 

increasing the chance of detecting an X-ray and minimizing shadowing effects
120

. In order to 

be able to obtain a 3D reconstruction from 2D projections, the projection requirement needs 

to be fulfilled. For nanoparticles with dimensions up to 400 nm it has been shown that the 

detected X-ray signal increases monotonically with increasing thickness
217

. Therefore, a 2D 

EDX map can serve as a projection image for tomography. Still, the acquisition of one EDX 

map takes typically five minutes, which results in very long exposure times when combined 

with tomography. Therefore, contrary to a conventional HAADF-STEM tomography 

experiment, only 16 images are acquired within a tilt range of ±75° and a tilt increment of 

10°, which will result in less accurate reconstructions
218

. Even after a few minutes, the 

amount of detected X-rays in neighbouring pixels can differ severely. Increasing the 

acquisition time results in higher count rates, but then the particles and the grid are also 

exposed to a higher electron dose, which can result in beam damage. Alternatively, 

neighbouring pixels in the EDX maps are averaged to yield images with a less varying count 

rate (Figure 7.7). The removal of zero pixels improves the SIRT reconstruction at the cost of 

spatial resolution. 
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Figure 7.7: HAADF-STEM image and elemental maps of Au and Fe prior to and after 

averaging between neighbouring pixels. 

Quantification of an EDX map 

An acquired EDX spectrum contains both the characteristic X-ray peaks and a background 

signal caused by Bremsstrahlung which is demonstrated in Figure 8. This background signal 

needs to be removed in order to retrieve the composition of each chemical element under 

investigation. After background subtraction, a quantification procedure calculates the amount 

of Au and Fe for each pixel in the 2D elemental maps. Here, the Cliff-Lorimer method
219

 is 

carried out for the quantification using predetermined k-factors. The characteristic X-ray 

intensities IAu and IFe are measured and the ratio of their concentrations CAu and CFe is 

determined using a predefined factor kAuFe implemented in the Brüker software: 

CAu

CFe
= kAuFe  

IAu

IFe
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Figure 7.8: Detected EDX spectrum containing characteristic X-ray peaks (blue) and 

background signal (gray). 

Alignment of an EDX tilt series 

Since the EDX maps are relatively noisy, they are less suitable for a conventional cross 

correlation alignment which is generally performed for the HAADF-STEM images, since the 

difference in two successive projection images may differ significantly. Therefore, at every 

tilt angle, a HAADF-STEM image is acquired simultaneously to the acquisition of the EDX 

map. Since the HAADF-STEM tilt series provides a better signal-to-noise ratio, cross 

correlation can be used for the alignment. Because the HAADF-STEM acquisition is made 

simultaneously with the EDX tilt series of the different elemental maps, the alignment 

parameters for all series are identical and can be transformed to the 2D EDX maps. In this 

manner, the three tilt series (HAADF-STEM, EDX Au and EDX Fe) are aligned and 

reconstructed with SIRT. 
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Results 

A 3D visualization of the HAADF-STEM reconstruction is shown in Figure 7.9a. Since the 

contrast in the 2D images was too low to detect Fe, only Au is reconstructed. EDX was able 

to reconstruct both Fe and Au (Figure 7.9c,e). The overlap of the 3D visualization of Fe and 

Au (Figure 7.9b,d) indicates that the Au domain of the Janus dumbbell grows toward the side 

of the initial Au sphere and leaves the FeOx domain uncovered. Therefore two different 

surfaces are exposed for further selective functionalization.  

 

Figure 7.9: a) 3D reconstruction of the HAADF-STEM tilt series of a Au/FeOx nanostar in 

which only the Au is detectable. b) 3D reconstruction of the Au by HAADF-STEM and FeOx 

by EDX. c) 3D visualization of FeOx of the EDX reconstruction. d) 3D reconstruction of Au 

and FeOx by EDX. e) 3D reconstruction of Au by EDX. 

It has to be noted that part of the emitted X-rays is blocked by the holder-detector 

configuration known as the shadowing effect. Consequently, as illustrated in Figure 7.10, 

only part of the X-rays emitted from the sample is detectable. Since shadowing changes as a 
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function of tilt angle, the EDX signal is also angle dependent
220,221,222

. Consequently, the 

projection requirement for tomography is violated during our reconstruction of the EDX 

maps. Different approaches can be used to overcome this limitation. For example, signals 

from individual detectors can be combined and others ignored
221,223

. However, this will result 

in a decreased amount of counts which has a negative influence on the signal-to-noise ratio. 

Alternatively, the acquisition time can be adjusted as a function of the tilt angle, but a 

calibration of the holder is required then
224

. Recently, Zanaga et al.
225

 developed a dedicated 

EDX reconstruction method, in which quantified EDX maps and HAADF-STEM 

tomography are successfully combined. Even though this last technique improves the 

reconstruction significantly, the low signal-to-noise ratio of the 2D elemental maps still 

results in a low quality reconstruction. Therefore, we apply a different approach to gain an 

improved reconstruction of the Janus nanoparticles. 

 

Figure 7.10: Schematic illustration of the shadowing effect during X-ray measurements. The 

detectable X-rays emitted from the sample are indicated by a green cone, while those blocked 

by the holder are indicated by a red cone
225

. 

7.2.2 3D characterization of Au/FeOx Janus nanoparticles by multimode tomography 

In Chapter 3 we demonstrated the use of multimode tomography to investigate pentatwinned 

Au nanoparticles, in which two tilt series are acquired simultaneously using two annular 



155 

 

detectors with acquisition angles ranging from 13 to 115 mrad for LAADF-STEM and from 

115 to 157 mrad for HAADF-STEM. The morphology of the Au nanoparticle is obtained 

from the HAADF-STEM reconstruction and LAADF-STEM is used to investigate twinning 

planes. Similarly, multimode tomography can be used to investigate Au/FeOx Janus 

nanoparticles. Indeed, since Fe has a lower atomic number in comparison to Au, Fe will 

scatter toward lower collection angles. Therefore, Au is scattered toward the HAADF-STEM 

regime and Fe toward the LAADF-STEM regime. Previously Sentosun et al.
226

 applied 

multimode tomography to investigate Au nanorods coated with mesoporous SiO2, showing 

that this approach is viable for systems with large differences in atomic numbers. 

Figure 7.11 provides representative 2D HAADF-STEM and LAADF-STEM images of a 

Janus nanoparticle, acquired simultaneously. Au is clearly visible in both the HAADF-STEM 

and LAADF-STEM image, but Fe is only visible in the LAADF-STEM image. Even though 

the LAADF-STEM image contains information on both Fe and Au, we still acquire the 

HAADF-STEM tilt series as well, since the LAADF-STEM reconstruction results in a shape 

error due to the violation of the projection requirement as demonstrated in chapter 3. 

Tomography series are acquired over a tilt range from -72° to +72° with a tilt increment of 

2°. Au can be observed in both the HAADF-STEM and LAADF-STEM reconstruction 

(Figure 7.12), whereas Fe is only visible in the LAADF-STEM reconstruction. Au is removed 

from the LAADF-STEM reconstruction (Figure 7.12f) by using a threshold value and both 

reconstructions are overlaid to have the most optimal reconstruction of the Janus nanoparticle 

(Figure 7.12c). Since less noise is present in this reconstruction in comparison to EDX, it is 

the preferential technique to investigate nanoparticles containing chemical elements with 

divergent atomic number. 
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Figure 7.11: 2D HAADF-STEM (a,c) and LAADF-STEM (b,d) images of a Janus 

nanoparticle. Au is clear in the HAADF-STEM images, but the intensity of Fe is too low. 

Both Au and Fe are visible in the LAADF-STEM images. 
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Figure 7.12: a) 3D visualization of the HAADF-STEM reconstruction in which Au is 

present. b) 3D visualization of the LAADF-STEM reconstruction in which both Au and Fe 

are present. c) Au is removed from the LAADF-STEM reconstruction by using the HAADF-

STEM reconstruction as a mask and overlaid with the HAADF-STEM reconstruction. Au is 

presented in orange and Fe in green. d-f) Orthoslice through the HAADF-STEM 

reconstruction, LAADF-STEM reconstruction and LAADF-STEM reconstruction after 

removal of Au, respectively. 

As the multimode tomography results in a better reconstruction, we use that approach to 

study the influence of different [Au]/[Fe] molar ratios during the growth of the Au star on the 

Au/FeOx nanoparticle. This influence is furthermore monitored by measuring the absorbance 

of the growth solution (Figure 7.13a). An increased absorbance is observed for increasing 

molar ratio as well as a red shift of the spectrum. To understand the variation in absorbance, 

three nanoparticles in each sample are investigated by tomography. Since the FeOx core stays 

the same over the course of the experiment and since the optical properties result from the Au 

star only, HAADF-STEM tomography is sufficient to investigate the volume and the number 

of tips of the Au star. For each molar ratio, one example of the resulting reconstructions is 
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displayed in Figure 7.13. A clear increase in the number of tips is observed with increasing 

[Au]/[Fe] molar ratio and hence increasing size of the nanoparticle, as indicated in Table 1. It 

is known from literature that an increasing amount of branches and increase in volume will 

result in a red-shift
227

, which is in agreement with the optical measurements in Figure 7.13. 

These results prove the applicability of the synthesis approach to obtain Janus nanoparticles 

with tuneable optical properties. 

 

Figure 7.13: 3D visualizations of Au by HAADF-STEM and Fe by EDX tomographic 

reconstruction for nanoparticles with increasing molar ratio between Au and Fe ([Au]/[Fe] = 

13, 50 and 74, respectively). 

 [Au/Fe] = 13 [Au/Fe] = 50 [Au/Fe] = 174 

Volume (nm³) 6,069±1,970 26,939±2,498 40,640±4,126 

Tips (#) 3±1 7±1 13±2 

Table 1: Average volume and number of tips with standard deviation for three nanoparticles 

with increasing molar ratio between Au and Fe. 
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7.3 Heat-induced 3D morphological changes investigated by tomography 

In the previous section, we have shown that the final structure of the Au/FeOx Janus particles 

can be tuned by varying the [Au]/[Fe] molar ratio resulting in the ability to tune the optical 

properties as well. Nanoparticles with sharp branches, such as the observed structures, have a 

high electric field enhancement at their tips
76,77

, making them ideal substrates for SERS
175

. 

Furthermore, due to their efficient light-to-heat conversion, Au nanoparticles have been 

widely investigated for photothermal cancer therapy
84

. Since the conversion efficiency is 

dependent on the position and the strength of the LSPR
87,228

, it is crucial that the 

nanoparticles preserve their plasmon resonance, which is morphology dependent
214,229

. 

Unfortunately, previous studies indicate morphological changes of Au nanoparticles upon 

heating
87,88

. Such morphological changes are expected since the melting temperature of 

nanoparticles is much lower in comparison to the bulk melting temperature
230

. The difference 

∆T between the melting temperature of a nanoparticle TNP with diameter x and bulk melting 

temperature TB of a material is given by the Gibss-Thomson equation: 

∆T = TB − TNP = TB

4σsl

Hfρsx
 

With σsl the solid-liquid interface energy, Hf the bulk enthalpy of fusion and ρs the density of 

the solid. 

In applications where Au nanoparticles are irradiated by a (pulsed) laser, heating is often 

unavoidable
85,86

. For many applications, nanoparticles that deform at these elevated 

temperatures are less interesting, since the optical properties would change during the 

application. Therefore, it is of key importance to gain insight into the temperature-

morphology relation. Such a heat-induced morphological evolution of Au nanoparticles has 

been investigated indirectly by following e.g. the extinction spectrum
231,232

. Other 
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investigations follow the morphological change of individual nanoparticles with TEM, but 

these studies are based on 2D observations
231,233

. Such 2D images are sufficient to track the 

morphological changes of simple morphologies such as rods or spheres, but they become 

more difficult to interpret when the nanoparticles contain a more challenging, anisotropic 

shape. 

Here, we investigate thermally induced 3D morphological changes of the Au domain of Janus 

nanoparticles by electron tomography. The sample with high molar ratio between Au and Fe 

is heated ex situ in an oven to 50°C or to 200°C. 2D overview images prior to heating and 

after heating, shown in Figure 7.14, indicate a drastic morphological change at both elevated 

temperatures. At 50°C the nanoparticles lose the sharpness of their tips, but branches are still 

present. At 200°C no branches can be observed and the nanoparticles become more spherical, 

which is thermodynamically more favorable
231

.  
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Figure 7.14: 2D HAADF-STEM overview image of the same region prior to and after 

heating to 50°C (a,b) or 200°C (c,d). 

To investigate the morphological changes in 3D a tilt series is acquired of a nanoparticle prior 

to heating and then the same nanoparticle is investigated by tomography after heating. 

Similar to above, HAADF-STEM tomography is sufficient since we want to investigate the 

morphological changes of the tips of the Au domain. After the acquisition of the first tilt 
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series, the sample is removed from the microscope and heated for five minutes ex situ in an 

oven at 50°C or 200°C. Afterwards, the sample is mounted in the same orientation in the 

tomography holder and re-inserted in the microscope. We search for the same nanoparticle 

and acquire a second tomography series. This procedure is performed for two samples heated 

to 50°C or heated to 200°C. The 3D visualizations of the resulting reconstructions are shown 

in Figure 7.15 and Figure 7.16, respectively.  

 

Figure 7.15: a,b) 3D visualization of the Au domain of a Janus nanoparticle prior to heating 

and after heating to 50°C, respectively. c) Visualization of the changes after heating. Local 

volume increases and decreases are depicted in green and red, respectively. 

 

Figure 7.16: a,b) 3D visualization of the Au domain of a Janus nanoparticle prior to heating 

and after heating to 200°C, respectively. c) Visualization of the changes after heating. Local 

volume increases and decreases are depicted in green and red, respectively. 
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Knowing the 3D morphology of the same nanoparticle before and after heating allows for a 

complete analysis of the 3D local volume changes. These changes are calculated by 

subtracting the reconstruction at room temperature from the reconstruction obtained after 

heating. It is clear from the difference reconstruction that the branches change drastically at 

50°C. Indeed, the nanoparticles lose volume at areas with high curvature (tips) and this 

volume diffuses toward areas of lower curvature, while the overall volume stays constant. 

Small deviations in the volume are expected due to e.g. thresholding of the reconstruction. 

Indeed, when the same threshold is used for the reconstruction prior to and after heating, a 

volume difference between -2.1% (Figure 7.15) and +5.0% (Figure 7.16) is observed. At 

200°C major reshaping is observed and no branches can be distinguished. To investigate how 

drastically the morphology of the nanoparticles changes, the shape error is calculated using 

the tomographic reconstructions prior to heating as a ground truth. In this manner we find a 

shape error of 23% after heating to 50°C and a shape error of 78% after heating to 200°C. 

Therefore, approximately 10% and 40% of the volume of the particle was redistributed.  

It is clear that major deformations occur at elevated temperatures, such as the disappearance 

of the sharp tips. Therefore, we conclude that heating will heavily influence the desired 

optical and electronic properties of the Au domain, hampering the use of these Janus 

nanoparticles in applications where a constant morphology is required. 

7.4 Self-assembly of Au/FeOx Janus nanoparticles 

Up to this point of the chapter we focussed on individual Janus nanoparticles. In this section 

we will investigate assemblies of Janus nanoparticles. In order to obtain assemblies, Au/FeOx 

Janus particles are functionalized, making the Au hydrophobic and the FeOx hydrophilic, 

resulting in so-called nanoamphiphilies. Subsequent self-assembly drives these functionalized 

Janus nanoparticles to grow in a micellar structure. Recently, the synthesis of Au/FeOx 
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dumbbells into a micellar structure has been achieved and improved magnetic and optic 

properties have been observed in comparison to single Janus nanoparticles
89

. Since the here 

investigated Au/FeOx star/sphere nanoparticles show improved optical properties in 

comparison to Au/FeOx dumbbells, we hypothesize that the resulting assemblies exhibit 

superior optical properties as well.  

First, it needs to be investigated if the self-assembly of individual Janus Au/FeOx 

nanoparticles succeeded. Therefore, a thorough characterization of the nanostructures is 

required. A 2D HAADF-STEM overview image of the functionalized and self-assembled 

Janus nanoparticles is provided in Figure 7.17. It can be seen that the volume difference 

between the FeOx part and the Au part is much smaller than for the non-functionalized 

particles discussed above. Consequently, both Au and Fe are detectable using the same ADF 

detector. Therefore, HAADF-STEM electron tomography is sufficient to investigate the 

clusters in 3D and no EDX tomography or multimode tomography is required.  

A HAADF-STEM tomography series of one self-assembled cluster is acquired from -76° to 

74° with a tilt increment of 2°. An orthoslice through the resulting is displayed in Figure 18a. 

The two different gray levels in the orthoslice can be related to the two different materials 

present in the nanoparticle cluster. The higher intensity gray level is related to Au and the 

lower intensity gray level is related to FeOx. After segmentation, a 3D visualization of both 

Au and FeOx is obtained (Figure 7.18b-c), revealing a 2D micellar structure with Au in the 

center, surrounded by FeOx. The effect of a 2D micellar structure needs to be further 

investigated by optical measurements.  
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Figure 7.17: HAADF-STEM overview image of the Janus assemblies showing that both the 

Au and FeOx part can be imaged simultaneously. 

 

Figure 7.18: HAADF-STEM tomography is performed on a cluster of Janus Au/FeOx 

nanoparticles. An orthoslice through the reconstruction (a) and 3D visualizations of the 

reconstruction (b-c) with Au in orange and Fe in green are shown. 

7.5 Conclusion 

In the first part of the chapter, we have made clear that HAADF-STEM imaging is often 

unsuited to obtain the chemical distribution of nanoparticles consisting of two or more 

chemical components, especially when the atomic number of the chemical components is 
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very divergent. We have shown that in this case, EDX provides us with a solution. EDX 

tomography is performed to investigate the chemical distribution of Au/FeOx Janus 

nanoparticles. However, since EDX elemental maps contain a lot of noise, we show the 

reconstruction could be further improved by using multimode tomography. In this manner, 

we confirm the preservation of the Janus character after growth of the Au domain. 

Furthermore, we show that with increasing molar ratio between Au and Fe, the optical 

properties improve. We conclude that the improvement is related to the increasing size of the 

Au domain and the growing amount of branches.  

Next, heat induced morphological changes are investigated. Using HAADF-STEM 

tomography we observe a drastic reduction of the sharpness of the tips of Au branches when 

heating for five minutes up to 50°C. After heating to 200°C no branches could be observed. 

These results indicate that the use of the Janus nanoparticles is hampered in heat-related 

applications where a constant morphology is required. 

In the last part of the chapter we investigate if functionalization of the star shaped Janus 

nanoparticles will result in self-assembled micellar clusters. By HAADF-STEM tomography 

we confirm that the first attempt to assemble Au/FeOx star/sphere Janus nanoparticles into a 

micellar cluster was successful. 

If a heteronanostructure contains two (or more) phases with the same chemical components, 

but a different crystal structure, neither HAADF-STEM imaging nor EDX will be able to 

distinguish both phases. In order to study a broader variety of heteronanostructures, a 

different technique is necessary to investigate the chemical character of these structures. In 

the next chapter, 3D EELS is introduced to extend the chemical characterization toward a 

broader variety of complex heteronanostructures. 
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Chapter 8 

Characterization of novel core/shell 

ironoxide nanoparticles by 2D and 

3D electron microscopy 
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8. Characterization of novel core/shell ironoxide nanoparticles by 2D and 

3D electron microscopy 

8.1 Introduction 

Through this thesis we have demonstrated the strength of electron tomography to investigate 

the morphology of nanoparticles in 3D. Unfortunately, conventional electron tomography has 

reached its limits to study the structural properties of complex nanoparticles, such as 

heterostructures or defected crystal structures. Thus, the extension of conventional electron 

tomography toward more sophisticated techniques is required. Indeed, in the first part of the 

thesis concerning homogeneous nanoparticles we have shown the extension toward 

multimode tomography to investigate twinning planes in nanoparticles in 3D. In the previous 

chapter we pointed out that in order to obtain a full characterization of heterostructured 

nanoparticles containing chemical components with a large difference in atomic number 

EDX tomography or multimode tomography can be used. In this chapter, we will extend 

electron tomography to allow for the complete characterization of core/shell nanoparticles 

containing an FeOx core and a different type of FeOx in the shell. 

The morphology of nanoparticles influences their physical properties
234,235

, which is also the 

case for FeOx nanoparticles. For example, magnetometry studies showed that octapod shaped 

FeOx particles have a higher magnetization in comparison to both cubical shaped and 

spherical particles, making them better contrast agents for MRI
59

. Due to the variation in both 

volume and surface area of nanoparticles with varying shape, the difference in magnetization 

is not completely understood yet. Besides, rod shaped FeOx nanoparticles exhibit a higher 

heating capacity in comparison to cubes and spheres, which is important for nanoparticle-

mediated hyperthermia cancer treatment
236

. In addition to the morphology, also the oxidation 

type of iron largely influence the physical properties as it results in different crystal 
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structures
237,238

: three of the most common crystal structures of FeOx (summarized in Table 3 

and Figure 8.1) are magnetite, maghemite and wüstite. 

 Wüstite Magnetite Maghemite 

Formula FeO Fe3O4 γ-Fe2O3 

Lattice parameter 4,3Å 8,4Å 8,4Å 

Valency iron +2 +2,+3,+3 +3,+3 

Space group Fm3̅m Fd3̅m P4132 

Magnetization antiferromagnetic ferrimagnetic ferrimagnetic 

Table 3: Three of the most common crystal structures of FeOx and some of their 

characteristics
239,240,241

. 

 

Figure 8.1: Crystallographic unit cell of different FeOx: wüstite (a), magnetite (b) and 

maghemite (c)
242

. 

Each of the summarized FeOx types have different magnetic properties. For example, 

antiferromagnetic wüstite has a higher coercivity (the capability to withstand a high external 

magnetic field without becoming demagnetized), whereas ferrimagnetic maghemite and 

magnetite have a higher saturation magnetization and are biocompatible
243

. Therefore, in 
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applications in which a strong magnetic behavior is required (such as permanent magnets, 

MRI), core-shell antiferromagnetic/ferrimagnetic particles have received increasing interest 

since the exchange bias, shift of the strong magnetic behavior of the antiferromagnetic core to 

the ferrimagnetic shell, will combine the best properties of each type of magnetic 

material
244,245

. For such core/shell nanoparticles, the core component provides a high coercive 

field while the ferrimagnetic shell enhances the saturation magnetization. These core/shell 

FeOx nanoparticles are promising materials for different biomedical imaging applications, 

since the exchange bias will provide the magnetic features, whereas the shell facilitates 

biological functionalization
39,40,41

. Similar to FeOx nanoparticles containing only one FeOx 

phase, the magnetic properties are also dependent on the morphology of the core/shell 

particles. For example, it has been shown that, in comparison to core/shell FeOx spheres of a 

similar size, core/shell FeOx cubes exhibit a higher coercivity
246,247

. Furthermore, for FeOx 

nanoparticles increasing surface roughness is often related to the mixing of the ferrimagnetic 

and antiferromagnetic phases. Therefore, the exchange bias in core/shell nanoparticles is less 

efficient when the surface roughness increases, making these nanoparticles less attractive for 

applications for which a high magnetization is required
247

. It is clear that investigation of the 

crystal structure and morphology of the core and the shell is of key importance to understand 

the physical properties. 

Most FeOx particles are synthesized using the thermal decomposition of FeOA, resulting in 

nucleation and growth in a one-pot synthesis
90

. It has been observed that the thermal 

decomposition of FeOA always results in the formation of an antiferromagnetic wüstite core 

and a ferrimagnetic magnetite or maghemite shell due to the reductive chemistry of the 

decomposition reaction
248,249,250

. Hence, the shell is made up of the biocompatible magnetite 

or maghemite making FeOx core/shell nanoparticles promising candidates for biological 
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applications such as for hyperthermia. In order to be efficient in hyperthermic cancer 

treatment, it is important that the rate at which energy is absorbed by tissue when exposed to 

an electromagnetic field, known as the specific absorption rate (SAR), is high. SAR can be 

measured using a calorimeter and therefore can be used to investigate the thermal efficiency 

of nanoparticles in liquid environment, e.g. increased SAR means increased hyperthermia. In 

the past, SAR measurements indicated that core/shell antiferromagnetic/ferrimagnetic 

nanoparticles have a lower heating efficiency in comparison to nanoparticles with an 

increased ferrimagnetic phase
91

. Therefore, a number of studies focused on removing the 

wüstite core by attempting a direct synthesis of maghemite or magnetite particles, however 

the obtained particles exhibit low heat dissipation
251,252

. Alternatively, post-synthesis 

oxidation of the core/shell particles is proposed
253,254

. However, these nanoparticles lose their 

heating efficiency inside a liquid environment and consequently cannot be used in an 

intracellular environment and are unsuitable for biomedical applications
255,256

. So far, no 

FeOx nanoparticles have been synthesized that possess high heat dissipation in a liquid 

environment.  

A major synthesis limilation stems from the poor quality of the FeOA precursor. Prior to the 

high temperature nucleation and growth of FeOA, FeOA is obtained by using different 

precursors such as FeCl3
94

, Fe(acac)3
257

, FeO(OH)
258

 and [Fe(CO)5]
259

. The low purity of the 

FeOA is a major limitation of these conventional precursors as it results in poor control over 

the growth and end morphology of the nanoparticles. For instance, FeCl3 as a precursor may 

provide different morphologies of FeOx nanoparticle dependent on the purification process of 

the FeOA
260

, e.g. remaining chloride ions are believed to induce octapod shape formation
261

.  

Therefore, it is important to explore novel precursors from which high quality FeOA can be 

obtained. Furthermore, it would be ideal if the novel precursor enabled (thermal) control over 
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the end morphology and thereby making it possible to gain control over the physical 

properties. 

To summarize, current limitations are: 

 Low heat dissipation of the nanoparticles in a liquid environment 

 Low quality of FeOA 

 Poor control over the end morphology 

To overcome the first limitation, our collaborators at Instituto Italiano di Technologia 

propose a post synthetic oxidation of the nanoparticles, which is obtained by thermal 

treatment of the core/shell FeOx nanoparticles. To overcome the other two limitations, FeCO3 

is proposed as a novel precursor as it decompose in CO2 and H2O, preventing the influence of 

different ions, such as chloride, during the growth procedure. 

In this chapter, electron microscopy is used to investigate the nanoparticles prior and after 

thermal treatment of the FeOx core/shell nanoparticles. Furthermore, the influence of the 

temperature during the synthesis using a novel FeCO3 precursor on the end morphology is 

investigated. The morphology, core/shell distribution, crystal structure and valencies of iron 

are determined since they will influence the physical properties. Additionally, since the 

competitive growth rates of {111} and {100} facets of the nucleus can be tuned by the 

precursor and will determine the final shape of the nanoparticle
59

, it is also of key importance 

for a novel precursor to investigate the obtained surface facets of the FeOx nanoparticles from 

which the growth mechanism can be understood.  

To summarize, the aim of this chapter is to understand the influence of slight alterations in 

the conventional synthesis procedure on the atomic structure and morphology of FeOx 

nanoparticles. By using electron microscopy, we will determine the morphology and the FeOx 

phases/crystal structure of the core and the shell, since they will have a strong influence on 
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the physical properties. This information will enable us to answer the following questions 

formulated in Chapter 1: 

 What is the influence of post-synthesis thermal treatment of core/shell nanocubes on 

e.g. the SAR, the crystal structure and the morphology? 

 How does the novel FeCO3 precursor and post-synthetic heating influence the 

competitive growth rates of {111} and {100} facets and therefore which morphologies 

can be obtained? 

8.2 Post-synthetic thermally treated ironoxide nanocubes 

In a first study, cubic core/shell nanoparticles are obtained using the conventional synthesis 

procedure of thermal decomposition. The nanocubes are then oxidized by heating them at 

80°C for 48h after being transferred into water. Our collaborators proved that the thermal 

treatment improved the heating efficiency of the nanoparticles. Furthermore, the cubically 

shaped core/shell FeOx particles are investigated prior to and after thermal treatment by 

electron microscopy. First, the morphology is determined by HAADF-STEM tomography. 

Then, the FeOx phases present are identified by high resolution HAADF-STEM. Since 

magnetite and maghemite are not distinguishable by high resolution HAADF-STEM, further 

investigation is performed by EELS. 

8.2.1 Investigation of thermally treated core/shell nanocubes prior to and after heating 

To investigate whether thermal treatment improves the heating efficiency, SAR 

measurements are performed prior to and after thermal treatment of FeOx nanocubes. These 

results, provided in Figure 8.2a, indicate SAR values up to 300 times higher for the thermally 

treated nanoparticles in comparison to the untreated nanocubes. Therefore they are promising 

candidates for hyperthermia cancer treatment. The improved heating efficiency may possibly 

be linked to a change in morphology due to heating. To investigate this effect, the 
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nanoparticles prior to and after thermal treatment are fully characterized by electron 

microscopy. First, the morphology of the thermally treated nanoparticles is compared to the 

particles prior to heat treatment by performing HAADF-STEM electron tomography for both 

structures. Series are acquired between ±76° with a tilt increment of 2°. Figure 8.2 shows a 

3D visualization and an orthoslice through the reconstruction of a nanocube prior to (b,d) and 

after heat treatment (c,e). After thermal treatment the particle exhibits a higher surface 

roughness, which may most likely be related to oxidation of the nanoparticle, which is 

expected after thermal treatment
253,254

. It is known that particles become bigger when 

oxidized due to the adsorption of a considerable amount of oxygen
262

. The formation of small 

protrusions on the surface could be a manifestation of particle growth. As discussed in the 

introduction, increased surface roughness is known to decrease the exchange bias and 

therefore it is unlikely the origin of the improved heating efficiency. Furthermore, a slight 

intensity difference between the inner and other region can be observed in the orthoslice of 

the nanocubes prior to thermal treatment (Figure 8.2d), suggesting a core/shell morphology, 

which is expected from the synthesis
248,249,250

. Since the core and the shell should contain the 

same chemical elements (Fe and O), the higher intensity in the core is most likely caused by 

an increased number of iron atoms per volume. This assumption will later in this section be 

confirmed by high resolution imaging. The intensity difference cannot be observed in the 

thermally treated nanocubes, from which we conclude that the nanoparticles lose their 

core/shell morphology during heating. 
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Figure 8.2: Comparison between particles prior to and after thermal treatment: (a) SAR 

measurements, (b,c) 3D visualization of the HAADF-STEM reconstruction and (d,e) 

orthoslice through the reconstruction of particles prior to and after thermal treatment, 

respectively. 

To gain a deeper understanding of the difference between the nanocubes prior to and after 

heating, the crystal structure of both is investigated using high resolution electron 

microscopy. A high resolution HAADF-STEM image of an FeOx core/shell nanoparticle 

before heating is presented in Figure 8.3. A Fourier analysis of the high resolution image 

(right side in Figure 8.3) enables us to discriminate the core from the shell. A careful 

investigation of the FFTs is performed to identify the FeOx phases. The FFT acquired from 

the middle of the particle can be indexed according to the [100] zone axis of wüstite. A 

second FFT, obtained near the edge, can be indexed according to the [100] zone of either 

magnetite (Fe3O4) or maghemite (ɣ-Fe2O3). Since both phases have a very similar crystal 
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space group and a very close lattice parameter
240,241

, high resolution imaging or electron 

diffraction is not able to distinguish between both phases. 

It has to be noted that diffraction spots of maghemite/magnetite are also present in the FFT of 

wüstite due to the shell on top and underneath the wüstite phase. Furthermore, since wüstite 

has a lattice parameter which is half the lattice parameter of maghemite/magnetite and both 

structures are cubic, in a [100] orientation certain diffraction spots are similar for wüstite and 

maghemite/magnetite. For example, it is clear from Figure 8.3 that the (002) reflection of 

wüstite overlaps with the (004) reflection of maghemite/magnetite. In fact, wüstite has no 

unique reflections, but maghemite/magnetite has unique reflections such as the (0-2-2) 

reflection in Figure 8.3. Also, a clear intensity difference between the core and the shell can 

be observed in the high resolution HAADF-STEM image. This intensity difference, which is 

also present in the HAADF-STEM tomography reconstruction (Figure 8.2d), is due to the 

increased amount of iron atoms per volume in a wüstite crystal (150 atoms/nm³) in 

comparison to maghemite (90 atoms/nm³). To confirm the difference between the core and 

the shell in [100] orientation, an image simulation is performed in the MULTEM software. A 

3D model is created of a ±1.3 nm wüstite core and an equally thick maghemite shell. The size 

is much less in comparison to the experimental particles to reduce the computational time. 

The result of such a simulation is shown in Figure 8.4, in which the core and the shell can 

indeed be distinguished due to a difference in the crystal structure as well as in intensity. 
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Figure 8.3: High resolution HAADF-STEM image of a core/shell cubically shaped 

nanoparticle. A magnified view of the core and the shell is shown on the right with their 

respective FFTs. The FFTs indicate that the nanostructure contains multiple types of FeOx: 

FeO in the core (green) and Fe3O4 or γ-Fe2O3 in the shell (orange). 

 

Figure 8.4: Simulated image of a core/shell wüstite/maghemite nanoparticle with a diameter 

of 4 nm. The image simulation is performed in the MULTEM software with settings, such as 

acceleration voltage and convergence angle, similar to the experimental conditions.  
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To compare the untreated to the thermally treated nanocubes, high resolution HAADF-STEM 

is also performed on the thermally treated nanoparticle. These results, shown in Figure 8.5, 

confirm the disappearance of the core/shell structure. Nevertheless, both wüstite and 

maghemite/magnetite subdomains are detected from the FFT. These subdomains seem to be 

randomly distributed over the entire nanoparticle. Therefore, in a 2D projection, the overlap 

of both structures will occur and diffraction spots of both wüstite and maghemite/magnetite 

are present in each FFT taken from different domains. However, when acquiring an FFT of a 

small region, the intensity of the extra reflections related the maghemite/magnetite differs 

slightly. In a maghemite/magnetite rich region, the extra reflection is equally strong in 

comparison to the other reflections. However, in a wüstite rich region the extra reflection is 

barely visible. In this manner, we can detect wüstite rich regions (right square in Figure 8.5) 

and maghemite/magnetite rich regions (left square in Figure 8.5). It needs to be mentioned 

that the SAR signal of the nanoparticles obtained here after thermal treatment differ severely 

from previous thermally treated nanoparticles in which a perfect maghemite/magnetite 

structure was obtained
253,254

. Therefore, it can be hypothesized that the imperfect crystal 

structure is the origin of the high SAR in viscous media. This assumption is substantiated by 

previous research in which structural defects like anti-phase boundaries in annealed FeOx 

nanoparticles break the long-range magnetic ordering and therefore influence the magnetic 

properties of the nanoparticles
263,264

.  
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Figure 8.5: High resolution HAADF-STEM image of a thermally treated nanocube. The 

FFTs indicate that the nanostructure contains multiple types of FeOx: FeO in the green square 

and Fe3O4 or γ-Fe2O3 in the red square. 

8.2.2 Determination of iron valencies by electron energy loss spectroscopy 

Since maghemite and magnetite have different magnetic properties
95

 it is important to 

determine whether the observed domains are maghemite or magnetite in nanocubes prior to 

and after thermal treatment. We will therefore exploit the different iron valencies of both 

phases. Whereas maghemite contains only Fe
3+

, magnetite consists of both Fe
2+ 

and Fe
3+

. In 

the crystal structure of magnetite half of the Fe
3+ 

ions are located in the tetrahedral interstitial 

sites, and the other half of the Fe
3+ 

ions and all the Fe
2+ 

ions occupy the octahedral sites 
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(Figure 8.1b). In maghemite, due to the absence of Fe
2+

, some of the Fe positions are left 

unoccupied as random vacancies (Figure 8.1c)
242

. Common techniques to investigate iron 

valencies are Mössbauer spectroscopy
265,266

, X-ray photoelectron spectroscopy
267

 and 

electron spin resonance spectroscopy
268

. Unfortunately, these techniques can only provide the 

quantity of the valencies without spatial resolution and the obtained information is an average 

of the core and shell of multiple particles. In order to distinguish between the core and the 

shell for one specific nanoparticle, measurements with high spatial resolution is required.  

Differentiating between oxidation states of FeOx in nanoparticles can be achieved by 

monochromated EELS. Indeed, when inspecting the reference spectra of Fe
2+

 and Fe
3+

 in 

Figure 8.6a, a clear shift in the peak position can be observed. These references are acquired 

from an ilmenite (FeTiO3) and hematite (Fe2O3) sample
269

. Monochromated EELS is 

performed to investigate the distribution of Fe
2+

 and Fe
3+

 in the core/shell nanocubes. Figure 

8.6c shows EELS spectra acquired in the middle and near the edge of a cubic nanoparticle 

prior to heating, respectively. A clear shift in the peak position toward higher energy losses 

can be observed for Fe
3+ 

in comparison to Fe
2+

. The spatial distribution of both valencies can 

be determined by fitting the experimental EELS spectrum in each pixel to the known 

references for Fe
2+

 and Fe
3+

. The fitting is performed in DigitalMicrograph using a multiple 

linear least squares method. It is clear from the obtained 2D valency maps (Figure 8.6d-f) that 

the shell contains both Fe
2+

 (62.1±6.4%) and Fe
3+ 

(37.9±6.4%), from which we can conclude 

that the shell corresponds to magnetite. From the high resolution images we learn that the 

nanoparticles have a wüstite core. This is confirmed by the EELS measurements, since 

mainly Fe
2+ 

(88.9±6.2%) can be found in the core. The small amount of Fe
3+

 observed in the 

core in 2D is due to the contribution from the shell on top and underneath the core.  
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For the heated nanoparticles this overlap of the different crystalline domains in a 2D 

projection prevents a similar investigation, since each pixel is the average of multiple crystal 

structures. Therefore, EELS tomography should be performed, in which multiple EELS maps 

are acquired of the same particle along different tilt angles. Unfortunately, the nanocubes are 

too beam sensitive and have been destroyed after acquiring three EELS maps, which made it 

impossible to perform EELS tomography. It has to be noted that for the core/shell nanocubes 

EELS tomography is not required due to the high symmetry of the core/shell cube and since 

the crystal structure of the core is determined by high resolution HAADF-STEM. 

In this section, we investigate the thermal treatment of core/shell nanocubes which resulted in 

improved heating efficiency of the nanoparticles. We conclude that thermal treatment of 

core/shell nanocubes changes both the morphology and the crystal structure. Indeed, an 

increased surface roughness as well as mixing of the core and shell FeOx phases is observed. 

We believe that the mixture of the FeOx phases is the origin of the improved heating 

efficiency since previous, more inefficient FeOx nanoparticles have shown a perfect 

crystalline structure. 
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Figure 8.6: a) Reference spectra of Fe
2+

 and Fe
3+

 acquired from an ilmenite (FeTiO3) and 

hematite (Fe2O3) sample. b) 2D ADF-STEM image of the region on which EELS is 

performed. c) EELS spectra of regions indicated in image b. Valency maps of Fe
2+

 (d), Fe
3+

 

(e) and the overlap of both (f). 
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8.3 Ironoxide nanoparticles obtained by an FeCO3 precursor 

As explained in the introduction, it is important to improve the quality of FeOA used for 

synthesizing FeOx nanoparticles by thermal decomposition. Therefore, a novel precursor 

(FeCO3) for the synthesis of FeOx nanoparticles is tested in a subsequent study which is 

expected to result in a better quality FeOA and consequent control over the morphology of 

the FeOx nanoparticles. A HAADF-STEM overview image of the newly obtained structures 

reveals a non-cubic shape as displayed in Figure 8.7. A detailed structural characterization is 

of key importance to further evaluate the outcome (morphology, valency, growth mechanism) 

of the novel synthesis approach. The results of that characterization are presented in the 

remainder of the chapter. 

 

Figure 8.7: HAADF-STEM overview images of nanoparticles obtained with an FeCO3 

precursor. 

8.3.1 Determination of the valency distribution by EELS tomography 

First, HAADF-STEM tomography is performed to investigate the morphology of the 

nanopods. It is clear from the HAADF-STEM reconstruction in Figure 8.8a that the 
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nanoparticles have a nanopod shape. Intensity differences in the slice through the 

reconstruction (Figure 8.8b) indicate a core/shell morphology. Furthermore, the particle has 

eight pods (octapod), each with a triangular shape (Figure 8.8c,d). 

 

Figure 8.8: a,b) 3D visualization of the HAADF-STEM reconstruction and orthosolice 

through the whole octapod. c,d) 3D visualization and orthoslice through one pod. 

In order to determine the valency of iron of the core and shell, a more challenging analysis 

than for the cubic FeOx nanoparticles is required. For the simple core/shell cubic 

morphology, the 2D EELS maps are sufficient to draw conclusions about the valency of iron 

in the core and the shell. However, when the nanoparticles have a more complex 

morphology, such as the nanopods in this part, the overlap of multiple iron phases can be 

misleading. For example, the overlap of wüstite (Fe
2+

) and maghemite (Fe
3+

) can be 

misinterpreted for magnetite (Fe
2+ 

and Fe
3+

). Therefore, it is essential to combine high-energy 

resolved (dispersion of 0.1 eV) EELS with electron tomography. In this manner, 3D 

knowledge on the morphology of the particles as well as information on the iron phases can 

be obtained, for both the core and the shell. Such studies are very challenging, but recently, 

first results on EELS tomography have been published
72,124,125,270

. Three known methods are 

often used to obtain the tomographic reconstruction. A flowchart of all three methods is 

provided in Figure 8.9. 
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Figure 8.9: Flowchart of an EELS tomography experiment. In the first method elemental 

maps are first extracted and then reconstructed. The second method reconstructs each energy 

channel separately and in a next step uses the reference spectra to obtain the reconstruction of 

the elemental maps. In the third method fitting of the reference spectra is applied during the 

reconstruction. 

Most often 2D elemental maps of the nanoparticle are first extracted for each tilt angle. Next, 

these maps are used as an input for a tomographic reconstruction (method 1)
271,272

. As shown 

in Figure 8.10, these elemental maps are most often obtained by summation over several 

energy levels around the characteristic EELS peak of a chemical element for each pixel. In 

this manner, we only take a part of the spectrum into account and the rest of the EELS 

spectrum is removed. Alternatively, every energy loss can be reconstructed separately 
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resulting in a 4D datacube from which an EELS spectrum can be extracted from each voxel 

(method 2)
269

. In a later step these EELS spectra can be compared to reference spectra to 

obtain a reconstruction of each chemical component. In a third approach prior knowledge can 

be used for the reconstruction.  

 

Figure 8.10: a) Each pixel in the 2D HAADF-STEM image contains an EELS spectrum. b) 

Three of these spectra are shown. c) When selecting an energy window around the 

characteristic peak of Fe
2+

 or Fe
3+

 2D elemental maps can be obtained. 

During the last decade, advanced reconstruction algorithms have been developed for 

HAADF-STEM by using prior knowledge about the investigated sample. Different studies 

have shown that the inclusion of prior knowledge results in an improved quality of the 

reconstruction in comparison to conventional reconstruction techniques
138,184

. Likewise, prior 

knowledge has been used to develop a dedicated EELS reconstruction method since each 

experimental spectrum is a linear combination of a well-known set of reference spectra. This 

technique is referred to as direct spectroscopic tomography
269

. We have chosen for the direct 

spectroscopic tomography method since in previous work in our group
269

 it has been shown 

to improve the reconstruction for noisy data such as single-pixel EELS data. This can be 
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understood because the first two methods contain two different steps: fitting to the reference 

spectra and reconstructing. Therefore, the presence of noise in the projection data will 

introduce errors in both steps which will accumulate in the final reconstruction. Since the 

third method performs fitting and the reconstructing in one step, the accumulation of artefacts 

is avoided
269

. 

Similar to EDX tomography, long exposure times are required to obtain reliable EELS data. 

Therefore, acquiring EELS spectra images at every 2° as it is done for a conventional electron 

tomography is time consuming and might potentially damage the sample. Thus, spectrum 

images are acquired every 10° over a tilt range between ±75°. In order to reduce the 

background signal, a nanoparticle located above a vacuum region of the support grid is 

selected. An additional problem is spatial drift which occurs in the EELS signal due to the 

long acquisition time, which is approximately 5 minutes. The drift can be corrected by using 

a least square fitting between the slowly scanned EELS signal and a fast scanned HAADF-

STEM image which is assumed to be free of drift. The result is shown in Figure 8.11. 

Additionally, energy drift is corrected by summing all EELS spectra per tilt angle and using 

the position of the summed Fe-K edge as a reference to calculate the energy off-set.  

For the reconstruction, the HAADF-STEM tilt series is first aligned using cross correlation. 

Because the HAADF-STEM acquisition is performed simultaneously with the EELS tilt 

series, the alignment parameters (shift between the images and correction of the tilt axis) are 

identical for both series. For this step, it is critical to remove drift from the slow EELS scan to 

make sure the alignment parameters are the same. 
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Figure 8.11: The drift can be corrected by using a least square fitting between the slowly 

scanned EELS signal (a) and a fast scanned HAADF-STEM image (b), which is assumed to 

be free of drift. The result is shown in c. 

Reference spectra of Fe
2+

 and Fe
3+

 are combined with a tomographic reconstruction in a 

single step to investigate the valency distribution of iron in nanopod shaped nanoparticles. 

During the SIRT reconstruction, the reference spectra are fitted to the data by incorporating 

them into the tomographic projection matrix and by requiring that the resulting EELS 

spectrum in each voxel is a linear combination of the reference spectra. In this manner, the 

fifteen EELS data cubes are combined into a reconstruction of voxels containing Fe
2+

 and a 

reconstruction with the voxels that contain Fe
3+

. From the result, illustrated in Figure 8.12, a 

core/shell morphology is found. Slices through the reconstructions demonstrate that the core 

of the nanoparticle only contains Fe
2+

, in agreement with a wüstite structure, whereas at the 

edges Fe
3+

 is clearly dominant, indicating a maghemite structure. In contrast to the 

nanocubes, high resolution HAADF-STEM could not reveal the core/shell structure showing 

once again the importance of EELS tomography to investigate core/shell FeOx nanoparticles.  
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Figure 8.12: a-c) Slice through the reconstruction of Fe
2+

, Fe
3+

 and the overlap of both slices 

respectively. d-f) 3D reconstruction of Fe
2+

, Fe
3+

 and the overlap of both reconstructions 

respectively. g-h) Horizontal and vertical line profiles through the reconstruction of Fe
3+

 and 

Fe
2+

 as indicated with white rectangles in figure c. The error on the thickness is 

approximately 2.8 nm due to the spatial resolution. 

More careful inspection of the data presented in Figure 8.12 shows that there is no sharp 

interface between Fe
2+

 and Fe
3+

, but that the Fe
2+

 signal gradually decreases toward the 

surface. This finding suggests that the oxidation of wüstite to maghemite occurs via an 

intermediate magnetite formation. This two-step transformation from wüstite to magnetite 
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and finally maghemite has been proposed in literature by small alterations in the EDX spectra 

or Mössbauer spectra
263,273

. Since these techniques give average information of multiple 

nanoparticles it can only be used to measure the ratio between Fe
2+ 

and Fe
3+

. Often, the 

presence of only magnetite and maghemite (no wüstite) is assumed to calculate the thickness 

of the maghemite shell over a magnetite core. In this manner, a maghemite shell thickness of 

1.4 - 1.8 nm for spherical FeOx particles with dimensions between 25 and 30 nm has been 

calculated from Mössbauer spectroscopy
274

. Furthermore, X-ray scattering on spherical 

particles, with dimensions ranging from 5 to 15 nm, has measured a shell thickness of 1.1 - 

3.0 nm
275

. Even though the average shell thickness has been calculated, the exact core/shell 

morphology has never been visualized. Also, the thickness of the maghemite shell in the 

presence of wüstite has not been measured. From the line profiles in Figure 8.12 we can 

measure the diameter of the pure wüsite core (Fe
2+

), the size of the pure maghemite shell 

(Fe
3+

) and the thickness of the intermediate region containing both Fe
2+

 and Fe
3+

. It is clear 

that the core is 19.1 nm thick, but the thickness of the shell varies through the reconstruction, 

which is local as the shell has an octapod shape and the shell thicker in the pods. Our results 

show the importance of EELS tomography to have a full characterization of the FeOx phases 

in FeOx nanoparticles. 

8.3.2 Investigation of the growth mechanism 

In the previous section the morphology, the crystal structure and the valency of the core and 

the shell of the novel FeOx octapods is determined. This information enables the investigation 

of the surface facets by high resolution HAADF-STEM, which is of key importance in order 

to understand the growth process of the octapods. A high resolution image of a single pod of 

a nanoparticle acquired along the [110] direction is presented in Figure 8.13a. By Fourier 

analysis (Figure 8.13b), we conclude that the growing direction of the pod is along the [111] 
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direction. To investigate the side facets of the pod, a thickness profile (Figure 8.13e) is 

extracted from the high resolution HAADF-STEM projection as indicated by the white 

rectangle in Figure 11a. The profile indicates that the left facet is imaged edge-on, whereas 

the other two facets are inclined with respect to the projection direction (illustrated in Figure 

8.13d). From the diffraction pattern (Figure 8.13b), we conclude that the side facet 

corresponds to a {113} facet composed of alternating (100)/(111) terraces and steps (Figure 

8.13c), lowering the surface energy of the nanoparticles, in agreement with previous 

investigations of surface facets of FeOx nanoparticles
12

. A model of the facets is provided in 

Figure 8.13c-d. 

 

Figure 8.13: a) High resolution HAADF-STEM projection of one pod of an FeOx 

nanoparticle oriented along the [110] direction. b) Diffractogram of the image in a) from 

which the growing direction and the side facet can be determined. c-d) Models of the {113} 

facets of the triangular pod. The facets are composed of alternating (100)/(111) terraces and 

steps. e) The intensity profile perpendicular to the growing direction of the arm corresponds 

to a triangular morphology composed of {113} facets. 
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As we know the growth direction of the pods and have determined the surface facets, this 

information can be used to gain insight into the growth mechanism of nanopods. The 

nanopods are synthesized using thermal decomposition of FeOA, obtained from a novel 

FeCO3 precursor, resulting in nucleation and growth in a one-pot synthesis. Previously, 

Khurshid et al.
234

 have shown that the first step of such synthesis results in the nucleation of 

an FeOx seed with a truncated cubical shape. As shown in Figure 8.14, such truncated cubes 

are known to have two different surface facets: six {100} facets at the sides and eight {111} 

facets at the corners. From our tomography experiments we conclude that the nanopods 

contain eight triangular branches (Figure 8.8), which is a strong indication that during the 

growth step of the synthesis process FeOx has been deposited on the eight triangular {111} 

facets of the seed. This is not surprising since OA strongly stabilizes the {100} facets leading 

to preferential growth in the <111> direction
276

. This is further confirmed by the high 

resolution investigation in Figure 8.13, in which [111] is found to be the growth direction of 

the branches. We can conclude that during the growth step, FeOx was deposited on the {111} 

facets of the seed to grow eight triangular branches containing {113} facets (see Figure 8.14). 

 

Figure 8.14: Truncated cube-shaped seeds have two different surface facets: twelve {100} 

facets and eight {111} facets. FeOx is deposited on the {111} facets of the seed to grow eight 

triangular branches containing {113} facets
234

. 

In addition, we want to investigate the influence of heating time during the growth process on 

the end morphology. It would be ideal to have a strict thermal separation between the 
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formation of different morphologies allowing to tune the physical properties. The formation 

of the octapods is complete after heating for two minutes at 331°C in the growth solution. In 

our temperature study here, the growth solution containing the octapods is further heated and 

the influence on the morphology is followed ex situ by TEM and HAADF-STEM 

tomography. It is clear from Figure 8.15 that by increasing the temperature to 341°C the 

octapods slowly deform into cubes. Since the diameter of the particles will decrease it is clear 

that the overall structure does not grow suggesting that the FeO monomers are consumed 

after two minutes. Therefore, the deformation is caused by surface diffusion of atoms 

migrating to the edge and side facets, driven by thermodynamics. In fact, octapods shaped 

nanoparticles are kinetically favored
277

, whereas cubes are thermodynamically favored
170

. 

From these results it is clear that the temperature can be used to tune the morphology of the 

nanoparticles to obtain the physical properties desirable for a certain application. For 

example, on the one hand, octapods have higher magnetization, which is desirable for e.g. 

MRI
59

. While, on the other hand, due to the more symmetric morphology of nanocubes, they 

can be assembled into a bigger cube with improved hyperthermia efficiency
278

. 
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Figure 8.15: TEM overview images and tomogram of the particle formation during one hour 

of heating from 331°C to 341°C. First, all particles are heated for 2 minutes to 331°C. A part 

of the particles are quenched to room temperature and the remaining particles are 

subsequently heated for 1 minute at 339°C. Again, a part of the particles are quenched to 

room temperature and the remaining particles are heated for 53 minutes at 341°C.  

8.4 Conclusion 

To improve the heating efficiency, the low quality of FeOA and the poor control over the end 

morphology, new synthesis methods are tried and the resulting FeOx nanoparticles are fully 

characterized by HAADF-STEM tomography, high resolution HAADF-STEM and direct 

spectroscopic tomography. The morphology of the nanoparticles can be investigated by 

tomography, but the crystal structure and FeOx phases remain undetermined using that 

method. We find that although high resolution HAADF-STEM is able to identify wüstite, it is 

unable to discriminate between very similar crystal structures and thus cannot be used to 

differentiate between maghemite and magnetite. The direct spectroscopic tomography was 
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found to be the best approach for a 3D quantitative characterization of FeOx core/shell 

nanoparticles. Using this methodology, we are able to distinguish between maghemite and 

magnetite up to the nanometer scale, which is invisible to any other electron microscopy or 

(optical) spectroscopy technique.  

For the first investigation core/shell cubes synthesized using a conventional FeOA precursor 

are thermally treated and we aim to answer the first question from the introduction: What is 

the influence of post-synthesis thermal treatment of core/shell nanocubes on e.g. the SAR, the 

crystal structure and the morphology? Our collaborators conclude that post-synthetic heating 

of core/shell nanocubes improves the SAR, making the particles promising candidates for 

hyperthermal cancer treatment. To understand the influence of the post-synthetic treatment on 

the SAR, the nanoparticles prior to and after heating are investigated. After heating, we 

observe an increased surface roughness and mixing of the core and shell FeOx phases. The 

surface roughness will decrease the bias exchange and we believe that the mixing FeOx 

phases are the origin of the improved heating efficiency since previous, inefficient FeOx 

nanoparticles had a perfect crystalline structure.  

For the second investigation, a novel precursor (FeCO3) is used to obtain FeOx nanoparticles 

by thermal decomposition and we aim to answer the second question from the introduction: 

How does the novel FeCO3 precursor and post-synthetic heating influence the competitive 

growth rates of {111} and {100} facets and therefore which morphologies can be obtained? 

We conclude from HAADF-STEM tomography that octapod shaped nanoparticles are 

obtained. The octapods have a wüstite core and a maghemite shell with a layer of magnetite 

in between. It needs to be stressed that it is the first time that the deformation of wüstite to 

maghemite by magnetite is visualized in 3D. After investigating the morphology and the 

crystal structure of both the core and the shell, the facets can be determined. This information 
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enables us to investigate the growth mechanism of FeOx nanopods. We can conclude that 

during the growth step, iron(oxide) is deposited on the {111} facets of the seed to grow eight 

triangular branches containing {113} facets. Furthermore, after heating the nanopods in 

growth solution, the growth on the {100} facets becomes dominant and the nanopods deform 

into cubes. This shows the strength of FeCO3 precursors to influence the morphology of the 

nanoparticles and thereby gain control over the physical properties. 
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General conclusions 

In this thesis, I demonstrate the strength of electron tomography when investigating 

nanoparticles. My focus was on the 3D characterization of metallic nanoparticles to gain 

insight into their growth mechanism. In the first part of the thesis, we started by determining 

the best technique to visualize twinning planes in Au nanoparticles. Multimode tomography 

was found to be the most optimal technique to achieve this goal. By using different annular 

dark field detectors simultaneously, we enabled the investigation of both the morphology and 

the twinning planes at the same time. By applying the multimode technique to pentatwinned 

Au nanoparticles, grown from a Au seed modified by a thin layer of Pd, we enabled the 

investigation of the growth mechanism. We proved that only pentatwinned Au/Pd seeds 

result in pentatwinned bipyramids. Seeds with less twinning planes result in cubical or 

spherical morphologies. This information is of high value for chemists to improve their 

synthesis procedure. For example, they have to look for a way to gain a high yield of 

pentatwinned seeds in order to obtain pentatwinned nanoparticles. Furthermore, we 

demonstrated that pentatwinned bipyramids grown from a pure Pd seed undergo a different 

growth mechanism in comparison to bipyramids grown from a Au/Pd seed. The exact origin 

however is not yet fully understood as the seeds differ both in composition and in size and 

further investigations are required. Furthermore, by using multimode tomography we gained 

insight concerning the growth of branched nanoparticles. We hypothesized that the growth of 

the branches is a way to decrease strain in the nanoparticle and conclude that the branches 

grow on the seed faces, which was unexpected as in literature it is shown that branches on 

defect free seeds grow on seed vertices.  
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There is a clear need to speed up the (multimode) tomography approach to enable statistical 

analysis. Here, we showed that the acquisition time can be reduced by a factor of ten. To 

achieve this, the holder continuously rotates and repositioning and refocusing is done during 

the acquisition. Furthermore, a novel pixelated 4D detector was used to investigate a beam 

sensitive Ag layer surrounding Au rods. We observed that longer rods have a reduced amount 

of Ag at their tips, which is a strong indication that Ag will reduce the growth speed of Au on 

these facets. 

In the second part of the thesis, heterogeneous nanoparticles are characterized in 3D. First, 

we enabled the visualization of Au/FeOx star/sphere Janus nanoparticles by EDX tomography 

and multimode tomography. Both techniques can be used to confirm the preservation of the 

Janus character after growth of the Au domain. Furthermore, we investigated the effect of 

changing the [Au]/[Fe] molar ratio on the Janus morphology and the effect of heating on the 

morphology of the Au domain. We concluded that the morphology of the Au domain 

changed drastically upon heating and therefore these nanoparticles are unsuitable for heat-

related applications where a constant morphology is required. In a next step, assemblies of 

these Janus nanoparticles are investigated by electron tomography, as they are expected to 

have superior optical absorbance. The investigation of heterogeneous nanoparticles became 

even more challenging for particles that exhibit multiple domains containing the same 

chemical elements. Core/shell FeOx/FeOx nanoparticles are of high interest in medical 

diagnostics and treatment. By applying advanced spectroscopic techniques we enabled the 

visualization of the core and shell, and slight influences of the synthetic procedure, such as 

post-synthesis heating, on the morphology are investigated in 3D. Furthermore, it is the first 

time that the deformation of wüstite to maghemite by magnetite is visualized in 3D. 
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All of these studies are of clear importance to gain insight into the growth of nanoparticles or 

to validate the outcome of different synthesis techniques. In conclusion, I have demonstrated 

the strength of electron tomography in the investigation of metallic nanoparticles. Moreover, 

I contributed to the development of several new approaches to improve different aspects of 

the technique. For example, the acquisition is improved to enable the visualization of 

twinning planes in 3D, to speed up the procedure and to prevent nanoparticles from rotating 

under the electron beam. 
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Outlook 

It should be noted that the multimode technique proposed here is generally applicable to 

investigate the growth of a broad range of homogeneous and heterogeneous nanoparticles. 

Not only pentatwinned nanoparticles, but also nanoparticles with a different amount of 

twinning planes can be investigated. Furthermore, I believe the multimode tomography 

approach is a suitable technique to visualize a wide variety of defects next to twinning planes. 

The fast tomography approach discussed in this thesis is highly beneficial for statistical 

purposes. However, a relatively big shape error is observed. I believe the technique can be 

optimized by removing noise, caused by for example the fast acquisition, during post 

processing. Furthermore, I envisage that such a fast acquisition can also be of great use when 

investigating for example beam sensitive materials. 

During my thesis, first steps are made to retrieve data using the novel 4D detector. We 

showed the use of the detector in investigating a small Ag layer surrounding a Au nanorod. 

However, I believe that the approach can be further optimized by averaging between multiple 

4D datasets, by which outliers will be removed. As this method allows one to extract 3D 

information of heterogeneous nanomaterials from a single viewing direction it provides an 

alternative way for statistical analysis. Because the developed methods can be applied to a 

wide range of heterogeneous nanomaterials, they may form the starting point for new 

research goals. As with a conventional ADF detector electrons diffracted within a specific 

annular range are collected, a lot of information is neglected. Even when combining multiple 

detectors there are restrictions. For example, when choosing collection angles for one 

detector, the collection angle of the other detectors is fixed. Since the development of direct 
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electron detectors allows one to record the full diffraction pattern per STEM position in a 

single framework, it allows for more freedom in the extraction of information. Therefore I 

propose to perform future multimode tomography experiments using the 4D detector. 
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Nederlandstalige samenvatting 

Omdat de eigenschappen van nanodeeltjes sterk afhankelijk zijn van hun morfologie is het 

ontwerp van nanodeeltjes met een vooraf bepaalde vorm van groot belang. In het verleden 

werden deeltjes met specifieke morfologie gesynthetiseerd via trial and error. Tegenwoordig 

werken vele onderzoekers op een meer rationele manier. Het is daarom cruciaal om de 

fundamentele parameters die het groeimechanisme beïnvloeden, te begrijpen en om de 

eindmorfologie van de nanodeeltjes te bepalen. In deze thesis wordt de groei van homogene 

en heterogene metallische nanodeeltjes bestudeerd door middel van verschillende 2D en 3D 

elektronenmicroscopietechnieken. 

Eerst wordt een algemene introductie over metallische nanodeeltjes en elektronenmicroscopie 

gegeven. De connectie tussen eigenschap en structuur wordt aangetoond en het belang van 

het inzicht in het groei mechanisme wordt onderbouwd. Transmissie-elektronenmicroscopie, 

meer specifiek elektronentomografie, blijkt uitermate geschikt om metallische nanodeeltjes te 

karakteriseren. 

Het eerste deel van de thesis is toegewijd aan het onderzoeken van homogene Au 

nanodeeltjes. Daarin starten we met het bepalen van de meest optimale techniek om 

tweelingsvlakken te bestuderen in nanodeeltjes in 3D. Drie technieken werden gevalideerd: 

hoge resolutie elektronentomografie, scannende elektronen diffractie (SED) tomografie en 

multimode tomografie. Door het beperkte gebied dat bij hoge resolutie tomografie kan 

worden onderzocht, is het met deze techniek niet mogelijk om tweelingsvlakken in grote 

nanodeeltjes te bestuderen. Dit is wel mogelijk met SED tomografie, maar helaas is deze 

reconstructie van slechte kwaliteit omdat de resolutie van de 2D beelden laag is en de 
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projectie vereiste niet voldaan is. Multimode tomografie blijkt superieur aan de vorige 

technieken en is daarom gebruikt om tweelingsvlakken in Au nanodeeltjes te bestuderen. 

Door meerdere detectoren simultaan te gebruiken waren we in staat om zowel de morfologie 

als de tweelingsvlakken gelijktijdig te bestuderen. Door de multimode techniek toe te passen 

op Au nanodeeltjes die gegroeid werden van Pd bevattende nuclei, waren we in staat hun 

groeimechanisme te bestuderen. Er is aangetoond dat enkel Au/Pd nuclei met vijf 

tweelingsvlakken resulteren in bipyramides. Nuclei met minder tweelingsvlakken resulteren 

in kubische of sferische morfologieën. Deze informatie is van hoog belang voor chemisten 

om hun synthese te optimalizeren. Bijvoorbeeld, door de opbrengst aan nuclei met vijf 

tweelingsvlakken te verhogen zullen er meer bipyramides gesynthetizeerd kunnen worden. 

Bovendien werd aangetoond dat bipyramides gegroeit van een zuivere Pd nuclei een ander 

groei mechanisme ondergaan in vergelijking met bipyramides gegroeit van een Au/Pd nuclei. 

De oorzaak kan zowel gerelateerd zijn met het verschil in compositie als het verschil in 

diameter tussen beide nuclei en meer onderzoek is essensieel om verdere conclusies te 

kunnen trekken. In een tweede onderzoek wordt de groei van vertakte Au nanodeeltjes 

besproken. Deze nanodeeltjes zijn interessant door hun sterke plasmon resonanties, waardoor 

ze ideale substraten zijn voor oppervlakte versterkte Ramanspectroscopie. Door multimode 

tomografie toe te passen hebben we inzicht verworven in de groei van deze vertakte Au 

nanodeeltjes. We hypotiseren dat de groei van de vertakkingen een manier is om de spanning 

in de deeltjes te reduceren. Bovendien is geconcludeerd dat de vertakkingen op de vlakken 

van de nuclei groeien en niet op de hoekpunten, wat het geval is voor nuclei zonder defecten. 

Op het einde van het eerste deel hebben we de eerste stappen gezet om de acquisitie van 

(multimode) tomografie te versnellen. Door het specimen continu te roteren en te focussen 

tijdens de acquisitie is de tijd gereduceerd met een factor tien. Bovendien zijn de eerste 
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resultaten getoond die verworven werden met een nieuwe 4D detector die het mogelijk 

maakte om de Ag laag omheen Au nanostaafjes te bestuderen. We observeerde dat langere 

staafjes een lagere hoeveelheid Ag aan hun tippen bevatten, wat een sterke indicatie is dat Ag 

de groei van Au op deze facetten reduceerd. 

In het tweede deel van de thesis werden heterogene nanodeeltjes gekarakteriseerd in 3D. 

Door middel van EDX tomografie en multimode tomografie hebben we het mogelijk gemaakt 

om Au/FeOx Janus nanodeeltjes te visualiseren. Een toename in optische absorptie werd 

waargenomen bij een verhoogde [Au]/[Fe] verhouding. Door het gebruik van 

elektronentomografie hebben we de optische eigenschappen in verband gebracht met de 

morfologie van de Janus deeltjes. Aangezien deze Au nanodeeltjes licht efficiënt omzetten in 

warmte zijn deze uitgebreid bestudeerd voor hun gebruik bij kanker bestrijding. In zulke 

toepassingen worden de Au deeltjes vaak verhit waarbij hun morfologie ongewenst kan 

veranderen. Om te onderzoeken of de Janus nanodeeltjes geschikt zijn voor zulke 

toepassingen hebben we met elektronentomografie onderzocht of opwarming de morfologie 

veranderd heeft. In een volgende stap zijn assemblages van deze Janus nanodeeltjes 

onderzocht met elektronenmicroscopie, aangezien verwacht wordt dat deze superieure 

optische eigenschappen zullen hebben. Het onderzoek van heterogene nanodeeltjes werd nog 

gecompliceerder wanneer deze verschillende componenten met dezelfde chemische 

elementen bevatten. Kern/schil ijzeroxide/ijzeroxide nanodeeltjes trekken grootse interesse 

bij medische diagnose en behandeling. Door het toepassen van geavanceerde 

spectroscopische technieken waren we in staat om de kern en de schil te visualiseren en de 

invloed van kleine modificaties tijdens de synthese (bv. post-synthetische opwarming) op de 

morfologie te onderzoeken 3D. 
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