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Chapter 1. Introduction to metallic chiral and 

bimetallic core-shell nanoparticles 

1.1 Plasmonic nanoparticles: properties and application 

Significant advancements and breakthroughs in the field of nanotechnology have 

occurred in recent decades, following the introduction of the concept by an American 

physicist and Nobel laureate Richard Feynman in 1959.1 This period has witnessed the 

emergence of nanomaterials as integral components of our daily lives. For instance, Ag 

nanoparticles (NPs) have been employed to impede the reproduction of odor-causing 

bacteria in shoes and clothing, harnessing their antibacterial properties.2,3 Metallic NPs 

can be also integrated into textiles enabling ultraviolet shielding, self-cleaning 

capabilities, and electrical conductivity, in addition to antistatic, wrinkle-resistant, and 

flame-retardant properties, all without altering the fundamental characteristics of the 

textile.4 

Localized Surface Plasmon Resonance (LSPR) is a remarkable optical property 

exhibited by metallic NPs which deserves a more detailed description in the framework 

of this thesis. LSPR arises from the resonant oscillations of conduction electrons within 

the NPs when they interact with electromagnetic radiation, particularly in the visible or 

near-infra-red (NIR) light range (as illustrated in Figure 1.1a).5–7 This unique 

phenomenon has propelled the field of nanoplasmonics, where plasmonic NPs hold 

significant promise for a range of applications such as photocatalysis,6,8 sensing,9,10 data 

storage,11 and solar energy conversion (Figure 1.1b).12,13 Nanoplasmonics has also 

demonstrated particular potential in the field of medicine. One notable aspect is the 

ability of nanoplasmonic NPs to generate localized heat at the nanoscopic scale upon 

exposure to NIR laser radiation. By delivering these NPs to specific areas within an 

organism and subsequently subjecting them to laser irradiation (organic tissues are 

partially transparent to NIR light), it becomes possible to selectively destroy tumor cells 

while minimizing damage to healthy tissue.14–16 This approach holds promise for 
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targeted and localized cancer therapy, offering a potential avenue for more effective 

treatments. 

  

Figure 1.1 (a) The oscillation of conduction band electron caused by the interaction 

with the incident electromagnetic wave. (b) Schematic representation of substrate-

induced interfacial plasmonics for photoexciting a layer of dyes between a TiO2 

dielectric substrate and single-layer graphene.13 Image is taken from open access article 

distributed under the terms of the Creative Commons CC BY license (Copyright © 

2015, Springer Nature Limited). 

The advancement of plasmonic-based technologies requires the development of 

synthetic techniques capable of producing metallic NPs with precise control over their 

shapes, sizes, and compositions. Among the various synthetic approaches, the wet 

chemical (colloidal) method, also known as seed-mediated crystal growth, has attracted 

significant attention and has undergone substantial progress in recent decades. This 

method has demonstrated its capacity to reliably produce a wide range of mono- and 

bimetallic NPs (as depicted in Figure 1.2).17–19 The key advantage of the seed-mediated 

crystal growth method lies in its ability to finely regulate the directions of crystal 

growth. This is achieved, for instance, by reducing metal ions (e.g., Au+, Ag+) in a 

solution onto the surface of seed particles. The control over crystal growth directions is 

achieved by carefully manipulating experimental parameters such as temperature, 

component concentrations, pH, and reaction time.20 The nature of the seed particles, 
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whether single-crystalline (SC) or pentatwinned (PT), as well as the choice of reducing 

agent (e.g., ascorbic acid), further influence the growth process.21,22  

 

Figure 1.2 (a,b) Examples of various Au NPs: a nanorod (NR) and a highly asymmetric 

nanostar. The contrast difference due to the thickness variation in the specimen can be 

seen in (c). (c,d) Bimetallic core-shell Au@Ag NPs, where shapes of both core and shell 

with various degree of symmetry can be achieved. Higher and lower intensities observed 

in (c,d) correspond to pure Au and Au due to the Z-contrast of HAADF-STEM. All 

scale bars are 20 nm. 

However, to ensure crystal growth along specific directions, an additional component 

is required. These surfactants, typically organic molecules like 

cetyltrimethylammonium chloride (CTAC) or bromide (CTAB), possess a structure 

with a polar, hydrophilic 'head' (e.g., an ionized atom) and a lengthy aliphatic 

hydrophobic 'tail,' as depicted in Figure 1.3a. Due to their configuration, these molecules 

can self-assemble into various forms, such as spherical micelles, when introduced, for 

example, in water (Figure 1.3b). In this scenario, the polar heads of the resulting 

spherical micelles will be directed towards the water phase (polar solvent) and the 

hydrophobic tails self-assemble, creating a more hydrophobic core. When a phase 

boundary exists between polar and nonpolar components, such as the 'water-air' phase 

boundary, surfactant molecules can arrange themselves into layered structures based on 

'polar-polar' and 'nonpolar-nonpolar' interactions (Figure 1.3c). Certain surfactants that 

possess atoms with lone pairs of electrons (acting as a Lewis base) can adhere to the 
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surface of metallic NPs (acting as Lewis acid) creating coordination complexes. In this 

arrangement, the hydrophilic head of the surfactant molecule, containing -SH or -NH2 

groups, functions as ligands, forming a surface layer on the metallic nanoparticles. 

Consequently, a second layer of surfactant molecules aligns in a 'tail-to-tail' manner, 

positioning the hydrophilic section of the second layer toward the water solution (as 

depicted in Figure 1.3d). In the case of ionic surfactants, e.g. CTAC or CTAB molecules 

containing -NH4
+ head group, this arrangement results in the development of an 

electrostatic bilayer formed by surfactant molecules, giving rise to repulsion forces 

between the individual double-layered micelles. These repulsive forces originate from 

the surface charge of the same sign, significantly enhancing nanoparticle stability and 

preventing agglomeration. Furthermore, micelles can serve as nanoreactors, providing 

a confined environment conducive to controlled nanoparticle growth. The capability to 

arrange surfactant molecules into asymmetric micelles can be strategically combined 

with other synthetic factors, e.g. the incorporation of shape-directing additives (metal 

ions or halides), enabling the synthesis of diverse asymmetric NPs, such as nanorods 

(NRs).23 This intricate interplay of factors enhances the versatility of the synthesis 

process.23,24  
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Figure 1.3 (a) Schematic representation of surfactant molecule, consisting of consist of 

a hydrophilic (water-attracting) "head" and a hydrophobic (water-repelling) "tail". (b,c) 

Visual representation of surfactant molecules self-assemblies, demonstrating the 

formation of spherical micelles in water and layered structures at the water-air interface. 

(d) The formation of surfactant bilayer on the surface of Au NP in nanocrystal growth 

solution.    

Due to significant advancements in synthetic protocols, comprehensive studies of the 

optical properties of specifically tailored nanoplasmonic materials have become 

possible, leading to notable improvements in their applicability. An example of this 

progress is the ability to tune the LSPR wavelength over a broad range of 

electromagnetic irradiation wavelengths, ranging from ultraviolet (UV) to visible and 

IR regions, by utilizing NPs with different compositions, where the position, width, and 
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symmetry of plasmon adsorption (or, more precisely, extinction) band is characteristic 

for each element (as illustrated in Figure 1.4a).12 For more precise control over the LSPR 

wavelength, Ag nanocubes (NCs) with varying sizes can be employed (as shown in 

Figure 1.4b).12 By adjusting the size of the NCs, finer tuning of the LSPR shift can be 

achieved.12 It is worth noting that, in addition to shifting the LSPR peak, it is also 

possible to observe its splitting into two components. This phenomenon can occur for 

asymmetric Au, e.g. nanorods (NRs) or nanowires (NWs), where the resonant 

oscillations of valence electrons differ significantly along the longitudinal and 

transverse directions due to the difference in confinement distances within the elongated 

NP (Figure 1.4c).12 The aspect ratio (AR) of the NR, which represents the ratio of its 

length to width, plays a crucial role in determining this splitting effect. Besides, 

beneficial properties of individual elements can be combined to improve the plasmonic 

properties by the production of bimetallic NPs.25 This enables tailoring the plasmonic 

response to specific wavelength ranges for desired applications. Overall, these 

advancements in nanoplasmonics allow for precise control over the optical properties, 

enhancing the versatility and potential applications of nanoplasmonic materials. 

 

Figure 1.4 (a) Normalized extinction spectra of spherical Ag, Au, Cu NPs.12 (b)  

Normalized extinction spectra for Ag NCs as a function of size. The inset shows a 

photograph of the three NCs samples suspended in ethanol.12 (c) Normalized extinction 

spectra for Ag wire, cube and sphere nanoparticles.12 It can be seen, that the position, 

shape, and number of LSPR adsorption peaks can be routinely adjusted by modifying 

the chemical composition and size-related aspects of metallic nanoparticles. 

Reproduced with permission from Springer Nature. (Copyright © 2011 Macmillan 

Publishers Limited). 
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1.2 Chiroptical properties and chiral nanoparticles 

A class of nanoplasmonic particles that recently received increasing attention are those 

with a helical morphology, leading to what is called chiral NPs. The significance of 

chirality in both biological and non-biological systems cannot be understated, as it 

exerts a profound influence on various aspects of life. The term "chirality" derives from 

the Ancient Greek word for "hand" and describes objects that cannot be superimposed 

on their mirror image. A simple way to understand chirality is by observing one's own 

hands, which despite having the same types and quantities of constituent elements, 

cannot be perfectly aligned due to their distinct geometric orientation. In the field of 

chemistry, certain elements and their chemical bonding can lead to the formation of 

chiral asymmetry centers, resulting in different configurations known as enantiomers. 

Figure 1.5a illustrates this concept of two amino acids that share the same composition 

but differ in the arrangement of the functional groups attached to the chiral carbon atom. 

Chirality plays a crucial role in DNA molecules (depicted in Figure 1.5b), which are 

fundamental building blocks of all living organisms. The chiral nature of DNA can have 

unexpected implications on the human body, particularly when interacting with 

different enantiomers of the same chemical compound. A well-known example of this 

is the case of R- and S-thalidomide, also known as Rectus and Sinister thalidomide 

(referring to right- and left-handedness, respectively). R-thalidomide has been identified 

as the clinically active component, whereas the left-handed enantiomer was 

unknowingly administered to pregnant women in the 1960s to alleviate morning 

sickness. This led to the birth of over 10,000 children with severe birth defects, such as 

phocomelia.26 Another, less drastic example of chiral effects is observed in the distinct 

aromas of R-carvone (minty smell) and S-carvone (spicy aroma resembling caraway 

seeds).27 
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Figure 1.5 (a) Left and right-handed amino acids. (b) The helical structure of DNA 

molecule. (c) Left and right-handed circularly polarized light. Adapted from Wikipedia 

- The Free Encyclopedia. (Copyright ©  Creative Commons Attribution-ShareAlike 4.0 

International License. 

The provided examples highlight the significance of meticulous synthesis and analysis 

of drugs and other organic compounds. The pronounced interaction between 

nanoplasmonics and electromagnetic irradiation offers promising opportunities for the 

fabrication of chiral structures and exploration of their interaction with circularly 

polarized light (Figure 1.5c), which opens up opportunities for utilizing spectroscopy 

based on differential absorption of left- and right-handed circularly polarized light. This 

technique, known as circular dichroism (CD), is widely employed to investigate and 

detect a vast range of chemical compounds. The most common measure to 

quantitatively describe the optical properties of chiral materials is so-called 

dissymmetry factor or g-factor, which can be defined as follows (Equation 1.1):  

𝑔 = 𝑘 ·  
𝐼𝐿−𝐼𝑅

1

2
(𝐼𝐿+𝐼𝑅)

,      (1.1) 
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where 𝐼𝐿 and 𝐼𝑅 are the absorption intensities for left- and right-handed circularly 

polarized light, 𝑘 – constant determined by used CD spectrometer.28,29 This factor is a 

dimensionless quantity useful when the signs and the magnitudes of CD signals are 

compared among various kinds of samples, conditions, and excitation wavelengths.29 

High chiroptical activity of asymmetric nanoplasmonics can be advantageous for 

enhancing the CD signal of trace amounts of chiral molecules and shifting it to the 

visible range, facilitating detection and analysis of chiral compounds.30 Furthermore, 

the optical activity of chiral nanomaterials can be modulated through coupling with 

other physical stimuli, such as magnetic fields.31 Despite significant progress in the 

investigation of chiral nanomaterials, there is still considerable scope for further 

advancement, particularly in the development of reliable and flexible synthetic methods. 

A comprehensive understanding of the mechanisms governing chiral growth is essential 

to achieve precise control over the synthesis process and obtain desired chiral 

nanostructures with predefined optical properties. 

1.3 Properties and stability of bimetallic nanoparticles 

An alternative approach to enhance and broaden the application of nanoplasmonics is 

the synthesis of bimetallic NPs, which combine the advantageous properties of multiple 

elements within a single particle, often resulting in optimized properties compared to 

monometallic counterparts. An illustrative example is the synthesis of Au-Ag NPs, 

which have been extensively studied because of their unique optical properties.32 The 

similar lattice constants and face-centered cubic (fcc) crystal structure of gold and silver 

hereby facilitate the synthesis of various Au-Ag alloy/core-shell structures.33–35 The 

LSPR wavelengths for spherical Au and Ag NPs are around 520 nm and 400 nm, 

respectively.36 By combining these two metals into a single NP, the LSPR absorption 

can be continuously tuned in the ultraviolet (UV), visible, and NIR regions. Compared 

to Au, Ag nanostructures exhibit a shorter LSPR wavelength and stronger near-field 

enhancement for comparable sizes.37–39 However, Au demonstrates better resistance to 

oxidative degradation, thereby enhancing the stability of resulting Au-Ag NPs. The 

distribution of elements within the volume of the bimetallic particle plays a crucial role 
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in determining its properties. Indeed, the arrangement and distribution of gold and silver 

atoms within the particle influence its optical and catalytic characteristics, making it 

essential to carefully control the elemental distribution during synthesis.33,40–42 

It is important to note that the carefully synthesized distribution of elements inside a 

bimetallic NP might change once the NP is exposed to realistic conditions, such as 

elevated temperatures, by alloying or mutual diffusion (interdiffusion).43,44 Heat-

induced interdiffusion of components occurs through the hopping of individual atoms 

into interstitial and vacant sites of a crystal lattice typical for most solid structures 

(Figure 1.6), e.g. Ni-Al45 or Au-Ag alloys.46 At elevated temperatures the energy 

required for atoms or particles to move through the bulk volume of a material is 

transferred. This energy is called as an volume diffusion activation barrier playing a 

significant role in determining the rate of diffusion within the material. The rate of 

diffusion can be expressed using the diffusion constant, quantifying how quickly 

particles move or spread through a medium over time due to thermal motion or 

concentration gradients. In addition to temperature dependence, the dynamics and 

mechanism of these processes strongly depend on various aspects, e.g. NP 

composition,43,47,48 size43,46 or shape.44,49 Additionally, a difference in core-shell 

interfacial facets49 or the presence of twin boundaries, such as those in PT NPs, may 

also play a role.50,51 Understanding the influence of these parameters is thus of great 

importance, since alloying can alter the physicochemical and optical properties of 

bimetallic NPs.52 On the other hand, precise control over thermal or irradiation 

conditions may also be beneficial, for instance, leading to dramatically improved 

monodispersity in Au NPs,53 superior catalytic performance of Au-Pd alloyed 

nanospheres,54 or the development of novel data storage technologies.11 In the particular 

case of Au-Ag NRs, alloying has been reported to lead to enhanced chemical stability 

in harsh environments, preserving improved LSPR properties in comparison to Au@Ag 

core@shell structures.55–57 Despite recent progress concerning the investigation of 

bimetallic systems using various experimental and simulation techniques, 

understanding of the mechanisms behind atomic diffusion at the single NP level is still 

far from complete. In fact, the diffusion dynamics are expected to be different at the 

nanoscale compared to the bulk, as indicated by diffusion coefficients for Au-Ag NPs 
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with sizes smaller than 5 nm, that are orders of magnitude higher when compared to 

their bulk counterparts.58 Thus, a detailed understanding of nano-alloying processes and 

their dependence on relevant external stimuli and NP parameters is crucial for further 

improvement of NP properties and applications. In order to obtain such understanding, 

I will combine ET with the dedicated in situ heating tomography holder based on 

microelectromechanical system-based (MEMS) devices. MEMS heating devices are 

designed at a microscale, allowing for precise control and efficient heat generation 

suitable for TEM studies.59 In this study, MEMS-based DENSsolutions Wildfire heating 

chips was utilized operating on the principle of a 4-probe configuration. These chips 

incorporate two probes designated as current-carrying electrodes, responsible for 

generating heat, while the other two probes serve as voltage-sensing electrodes, 

enabling precise temperature measurement. 

 

Figure 1.6 Site exchange in crystalline metals: (a) interstitial diffusion, (b) vacancy 

mechanism. The diffusion in solid matter via interstitial sites requires high energy (e.g., 

heating) to overcome the potential energy barriers that occur due to the dense packing 

of atoms within the crystal lattice. The diffusion can be facilitated by introducing 

vacancies or lattice distortions, resulting in lower diffusion activation energies or faster 

diffusion kinetics. 
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Another competing process, surface diffusion can also happen at elevated temperatures 

and should be taken into account.60–62 Due to the high surface energy, characteristic for 

all nanomaterials, NPs tend to decrease the surface-to-volume ratio by reshaping into 

more symmetric (spherical or cubic) shapes under temperatures as low as 100 °C (Figure 

1.7). Thus, surface diffusion activation energy for metallic NPs is significantly lower 

compared to volume diffusion, where higher temperatures are required for atoms of the 

material to move through the crystal lattice (typically above 300 °C).44 Surface diffusion 

processes can complicate the analysis of elemental redistribution within the volume of 

bimetallic NPs, where different approaches to prevent the thermal reshaping of 

asymmetric NPs should be used. For example, plasmonic NPs can be coated with 

mesoporous silica (m-SiO2), which is rigid enough to preserve the surface morphology 

and has additional useful properties, for instance, optical transparency, high 

biocompatibility, chemical and colloidal stability, and controllable porosity. 63 

 

Figure 1.7 ET reconstructions of a twisted Au nanorod at different times during an in 

situ heating procedure. During heating, a gradual smoothing of the surface becomes 

apparent, attributed to the redistribution of Au atoms across the surface. This reshaping 

phenomenon is propelled by the reduction of the energetically unfavorable high surface-

to-volume ratio. 

1.4 Thesis motivation and outline 

Nanotechnology has significantly influenced our society in recent decades, impacting 

various aspects of our daily lives, spanning from food production to advancements in 

medicine. Anticipated advancements in nanotechnology are aimed at addressing 

significant challenges of modern society, including mitigating greenhouse gas 

emissions and discovering more effective cancer treatments. To ensure further progress 
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and enhance existing nanotechnology, a comprehensive understanding and precise 

manipulation of the properties of underlying nanomaterials stand as pivotal 

requirements. 

The advancements made in the synthesis of various metallic NPs represent a significant 

stride in nanotechnology. However, further enhancement in this field can be achieved 

by synthesizing novel types of asymmetric NPs, leveraging a deeper comprehension of 

the underlying growth mechanisms. Deep understanding of these growth mechanisms 

will enable the tailoring of nanoparticles with meticulous control over their size, shape, 

and optical properties. By exploring and manipulating these mechanisms at atomic 

level, new pathways emerge for designing nanoparticles with enhanced functionalities 

and tailored characteristics suitable for diverse applications. This deeper insight not only 

broadens the spectrum of nanoparticle possibilities but also lays the foundation for more 

precise and efficient synthesis methods, paving the way for innovative and impactful 

advancements in nanotechnology. 

Advancements in electron tomography (ET) have made comprehensive characterization 

of nanomaterials possible, allowing retrieval of morphology and structural information 

of various NPs in three dimensions (3D). For instance, advanced ET has facilitated the 

atomic-level investigation of relatively symmetric Au and Au@Ag NPs, enabling 

precise determination of each atom's position within these structures.64–66 However, 

implementing such techniques for a broader range of materials and morphologies, such 

as highly asymmetric Au NPs, presents challenges. In these cases, multiple parameters 

need serious consideration for reliable characterization of complex nanomaterials. 

Firstly, optimizing experimental conditions during tomography series acquisition is 

crucial to obtain maximum structural information without damaging samples due to 

excessive electron beam irradiation. Secondly, analysing highly irregular morphologies, 

e.g. determining surface faceting, remains challenging even with achievable 3D 

reconstruction at atomic resolution. Often studied NPs may not be suitable for high-

resolution ET studies, requiring alternative strategies to gain deeper insights into the 

synthesized NPs' morphology and the underlying mechanisms of nanocrystal growth. 

My research was motivated by the aim to implement and enhance advanced ET 
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techniques, particularly high-resolution ET, for the investigation of complex Au NPs, 

especially those with high asymmetry. This pursuit aimed to deepen our understanding 

of their properties and synthetic mechanisms. 

Thus, Part 1 of my PhD research is dedicated to the study of chiral growth mechanisms 

and the structural analysis of novel types of chiral nanostructures that requires the 

utilization of various ET techniques. Advanced three-dimensional characterization 

methods are essential for accurate determination of the surface faceting of intermediate 

particles.  

In Сhapter 4, I will use atomic resolution tomography to provide input that can be used 

for DFT calculations to obtain insights into the interaction of chiral inducer molecules 

of amino acids (cysteine, Cys) with the specific surface facets of Au NP during the chiral 

growth at the atomic level. In Сhapter 5, the mechanism of chiral growth of wrinkled 

Au NPs is studied in presence of BINAMINE-CTAC micelles. In this case, I have 

visualized a thin Pd layer that was deposited between the core and the wrinkled shell of 

studied NP, therefore, obtaining the valuable information about the interaction of 

surfactant micelles with specific facets of Au seeds. Chapter 6 of this thesis focuses on 

the characterization of both twisted and wrinkled chiral structures obtained through the 

implementation of a modified surfactant (LipoCYS), that combines the chiral properties 

of amino acids with long aliphatic tails, facilitating the formation of micelles. The 

characterization of these chiral structures is carried out using a combination of ET based 

on HAADF-STEM and Electron Diffraction Tomography (3D-ED), enabling an 

accurate analysis of the surface facets, where the adsorption of chiral inducer molecules 

predominantly occurs. 

An alternative approach to enhance the applicability of complex mono and bimetallic 

NPs involves a deeper comprehension of their stability under real application 

conditions. It is important to note that most (S)TEM investigations of nanomaterials are 

conducted in high vacuum and at room temperature, often in 2D. These conditions are 

inadequate to fully understand the behavior of NPs in realistic environment, particularly 

for asymmetric NPs. Therefore, a more comprehensive understanding of particles 
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stability can only be achieved through a combination of advanced ET techniques and 

specialized TEM equipment. An additional challenge in these investigations involves 

the intricate interplay among multiple parameters, including the sample's structure, the 

experimental conditions utilized in (S)TEM, and the competing processes—surface 

versus volume diffusion. Isolating each parameter for the study of their individual 

influences is often far from straightforward and requires careful choice of studied 

samples and experimental conditions. 

In the Part 2 of this PhD research, I investigated the influence of various parameters on 

heat-induced alloying in bimetallic core-shell NPs, including size, aspect ratio, core 

shape, and the presence of twin boundaries. To gain a comprehensive understanding of 

this phenomenon, I employed fast HAADF-STEM tomography in combination with in 

situ heating holders, demonstrating advantages of this method. This approach enabled 

real-time observation of the alloying process in different NPs while they were subjected 

to controlled heating. The development and improvement of fast tomography is hereby 

crucial to enable the 3D investigation of several particles under same experimental 

conditions during one microscopy session, thus, providing us with reliable information 

on the alloying dynamics in different NPs. This method and its advantages will be 

explained in more detail in Part 2 of my thesis. 

In Chapter 8 of this work, I will provide both a detailed qualitative and quantitative 

analysis of the heat-induced alloying in bimetallic core-shell NPs. I will describe the 

observed changes in the NP morphologies, compositions, and elemental distributions 

during the alloying process. By analysing different individual NPs with varying sizes, 

aspect ratios, core shapes, and the presence of twin boundaries, I aimed to identify the 

key factors that govern the alloying kinetics and outcomes.  In addition to fast HAADF-

STEM tomography, I also utilized high-resolution in situ heating ET techniques to track 

the elemental redistribution of individual atoms during the alloying process. In Chapter 

8, I will explore the challenges related to obtaining reliable 3D reconstructions that 

enable the visualization of individual Au and Ag atoms in core-shell and alloyed Au-

Ag NPs.  
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Chapter 2. Introduction to Electron Tomography 

2.1 Introduction to electron microscopy 

The understanding of nanomaterials' physical properties relies heavily on an accurate 

characterization of their particle size, morphology, chemical composition, and atomic 

structure.67–69 Such knowledge is crucial for optimizing the synthesis process to produce 

nanomaterials with desired properties70 and may eventually guide the design of new 

applications. However, nanomaterials cannot be observed by the naked eye or 

conventional light microscopes due to their lack of spatial resolution. The resolution of 

light microscopes typically reaches approximately 0.22 μm with the best available 

objective lenses.71 

In 1927, Davisson and Germer conducted an experiment that demonstrated the wave-

particle duality of electrons, confirming Louis de Broglie's proposal.72 They observed 

the diffraction pattern of a metallic object using electrons emitted from a heated filament 

and accelerated through a potential difference of 50 V. The electron wavelength in this 

experiment was approximately 0.17 nm, comparable to the lattice parameters of 

crystalline objects. Around the same time, Ernst Ruska and Max Knoll began 

developing a cathode-ray oscillograph, focusing on magnetic lenses to concentrate the 

electron beam emitted from the cathode-ray.73 This work eventually led to the 

development of the transmission electron microscope (TEM), which was capable of 

producing images of metallic arrangements at magnifications of up to 14.4x at that time. 

By accelerating the electrons through a potential difference of 75 kV, a resolution of 

0.22 nm was expected. However, achieving this resolution was challenging due to the 

presence of aberrations caused by electromagnetic lenses. E. Ruska produced the first 

commercial electron microscope at Siemens in 1938. Manfred von Ardenne, also at 

Siemens, added scanning coils to the instrument in 1938, leading to the development of 

the first scanning transmission electron microscope (STEM).72 In 1970, Albert Victor 

Crewe and his colleagues constructed the first dedicated STEM equipped with an 

annular-dark field (ADF) detector.72,74,75 This instrument enabled the simultaneous 

acquisition of chemical and morphological information at high resolution. 
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2.2 Evolution of electron microscopy 

Subsequent advancements in lenses, detectors, electron sources, and high-tension 

supplies allowed the visualization of objects, including biological and crystalline 

materials, at the atomic scale using both TEM and STEM. The invention of aberration 

correctors in 1998 further improved the resolution of (S)TEM instruments.76 Nowadays, 

with aberration correction, typical (S)TEM instruments can achieve a resolution limit 

of 0.05 nm at an accelerating voltage of 300 kV.77 The ability to discern individual 

atomic columns has enabled comprehensive crystallographic studies, the examination 

of defect origination and proliferation, the analysis of crystal surface faceting, and the 

in-depth investigation of interfacial interactions within the materials under 

investigation.78 It is noteworthy that both TEM and STEM are based on distinct 

techniques that register different types of signals, and consequently, each possesses its 

unique set of strengths and limitations. 

The most wide-spread imaging modality employed in TEM is bright field (BF) imaging. 

Thereby, a parallel incoming beam is utilized for sample illumination. The contrast 

within the resulting images stems from two primary mechanisms. Mass thickness 

contrast (or absorption contrast) is dominant for amorphous samples which means that 

thicker regions of the sample appear darker in the image. Conversely for crystalline 

samples, diffraction contrast arising from elastic Bragg scattering is dominant. This 

form of contrast is profoundly sensitive to the orientation of the sample relative to the 

incident electron beam. Consequently, bright field imaging serves as aт important tool 

for characterizing the atomic structure in materials, as the acquired projection images 

yield critical insights into the periodicity of the atomic lattice. 

The STEM mode involves the interaction of a focused electron beam with the specimen. 

The resulting image is generated by scanning the beam across the region of interest. The 

spatial resolution of STEM is determined by the size of the electron probe, which can 

achieve 50 pm in modern aberration-corrected microscopes. Dedicated detectors, as 

depicted in Figure 2.1a, are employed to capture scattered electrons with different 

angular directions. Each type of detector has specific acceptance angle ranges: typically 



27 
 

50-190 mrad for High-angle annular dark field (HAADF) detectors, 10-50 mrad for 

annular dark field (ADF) detectors, and 0-10 mrad for BF detectors.79 The HAADF 

detector selectively detects electrons scattered at large angles, effectively reducing 

diffraction contrast and primarily capturing incoherent elastically scattered electrons. In 

this regime, electron scattering is dominated by Rutherford scattering, proportional to 

the thickness and Zn (Z – atomic number, 1.6 < n < 2). Consequently, HAADF-STEM 

images exhibit contrast variations based on specimen thickness and chemical 

composition, where heavier atoms scatter electrons to higher angles compared to lighter 

atoms due to Coulomb interaction. Thus, mass-thickness contrast plays a dominant role 

during the formation of HAADF-STEM images (Figure 2.1b). By adjusting the camera 

length (distance from the specimen to the projected image indicated by double arrow in 

Figure 2.1) or by using a detector with a smaller radius and correspondingly smaller 

acceptance angles, the acceptance angles of the detector can be modified (low angle 

annular dark field, LAADF, Figure 2.1c). This modification may reveal contrast 

variations caused by diffraction scattering events and, for example, demonstrate the 

presence of lattice defects. 

   

Figure 2.1 (a) Scheme illustrating the electron scattering by the specimen and detection 

geometry, (b,c) HAADF and ADF-STEM images of the chiral Au NP, depicting the 

contribution of  mass-thickness and diffraction contrast respectively. White arrows in 

(c) represent the positions of twin boundaries. All scalebars are 25 nm. 
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It is worth mentioning, that along with the registration of elastically scattered electrons, 

used in (S)TEM, the registration of inelastically scattered electrons can be highly 

gainful. For instance, electron energy loss spectroscopy (EELS) enables the 

determination of specimen thickness, composition, bonding and oxidation state of 

constituent elements.80,81 The development of Wien type monochromators has allowed 

to achieve an extremely narrow energy spread of electron beam and an ultrahigh energy 

resolution with spectroscopy (up to ∼10 meV of spectral resolution).82–84 In that manner, 

the ultra-low loss spectroscopy became possible enabling the studies of the optical and 

electronic properties, e.g., mapping of localized surface plasmons in metallic 

nanoparticles.85,86 Another technique called energy dispersive X-ray spectroscopy 

(EDX), enabling the qualitative and quantitative analysis of composition, will be 

discussed in more detail in Section 2.4.2. 

Additionally, the development of new types of electron detectors can be used to retrieve 

more information about the studied materials. For example, in four-dimensional (4D) 

STEM, a full 2D diffraction pattern can be captured at each pixel position on a STEM 

map, producing maps of local crystal orientation, structural distortions, or 

crystallinity.87,88 The speed and sensitivity of 4D data combined with direct electron 

detectors enables the control over the incident electron dose and, therefore, the 

investigation of beam sensitive materials.88–90 Another recent development, integrated 

differential phase contrast (iDPC-STEM) technique is capable of imaging light and 

heavy elements simultaneously even at low electron doses.91,92 In contrast to typical 

annular detectors used in STEM (Figure 2.2a) which display the integrated intensities 

of these electrons at each scan position of the incident probe, in iDPC-STEM a 

segmented detector, e.g., composed of four segments, is used (Figure 2.2b).92,93 In this 

manner, by measuring the angle and the direction of the beam deflection the mapping 

of electrostatic potential fields of the specimen can be performed, thus, resulting in a 

direct phase imaging,94 beneficial for the visualization of heavy and light elements even 

in beam-sensitive materials.95 
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Figure 2.2 (a) Schematic of integrated scattered electrons detections in HAADF-STEM. 

(b) Schematic of detection of the electron beam deflection in a specimen using a 

segmented detector (The electron beam is deflected by a specimen). Images from 

Glossary of TEM terms, JEOL (Copyright © 2006-2023 JEOL Ltd). 

Considerable efforts to improve the spatial and spectral resolution of (S)TEM 

techniques, coupled with the evolution of novel detector technologies, have drastically 

expanded the variety of the samples that can be investigated in (S)TEM and enriched 

the depth of information attainable from such experiments. However, these methods 

only provide 2D information about the subjects under scrutiny, thus, limiting the 

examination of asymmetric samples, such as chiral metallic NPs. In the following 

sections, I will give an overview on the electron tomography, enabling to overcome 

these constraints. 

2.3 Introduction to electron tomography 

ET is a powerful technique for characterizing nanostructures, but its limitation lies the 

in fact that it conventionally only provides 2D projected information of a 3D object. 

This hampers interpreting the morphology of nanomaterials based on a single projection 

image. For instance, the HAADF-STEM image of a chiral Au NP in Figure 2.3 may 

erroneously suggest an hourglass shape instead of actual 4-fold twisted morphology 

revealed through the application of electron tomography (ET). Characterizing the 



30 
 

morphology of nanomaterials is crucial for a comprehensive understanding of their 

physical properties, as emphasized in Chapter 1. ET serves as a valuable technique for 

acquiring such 3D information. By utilizing a mathematical algorithm, this method 

enables the reconstruction of an object's morphology and internal structure from 

multiple 2D projection images, acquired over a large tilt range. In the next section, I 

therefore elaborate on this technique. 

 

Figure 2.3 (a) 2D HAADF-STEM image of chiral Au NPs, (b) 3D reconstruction 

revealing actual twisted morphology of the studied nanoparticle. Scalebars are 50 nm. 

2.3.1 Basic principles of electron tomography 

In 1917, Radon developed a mathematical theory that describes how an 3D object can 

be reconstructed from a series of 2D projections.96 The theory states that when an object, 

denoted as 𝑓(𝑥, 𝑦), in real space D is projected along an inclined direction with respect 

to the reference axis (𝑥,𝑦) by an angle 𝜃, the resulting projection pθ(𝑟) can be 

represented by the Radon transform 𝑅 (Figure 2.4). The Radon transform is defined as 

the integral of the object 𝑓(𝑥, 𝑦) along line integrals through all possible lines 𝐿: 

pθ(𝑟) = 𝑅𝑓 =  ∫ 𝑓(𝑥, 𝑦)𝑑𝑠
 

𝐿
     (2.1) 
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where 𝑑𝑠 represents the unit length along the line 𝐿. Alternatively, the object 𝑓(𝑥, 𝑦) 

can be reconstructed by applying the inverse Radon transform to a series of different 

projections 𝑝𝜃(𝑟). This fundamental concept forms the basis of tomographic 

reconstruction. The definition of the Radon transform implies that the intensity of the 

projection images should be a monotonic function of the physical quantity to be 

reconstructed. This property is known as the projection requirement of tomography.96 

 

Figure 2.4 (a) Object 𝑓(𝑥, 𝑦) represented in real space. The projection pθ(𝑟) of such 

object can be obtained through the sampling of the object by solving line integrals of all 

possible lines L (b). The orientation of the projection of the function 𝑓(𝑥,𝑦) is 

represented by the grey lines with arrows. By combining all the possible projections 

along different angles 𝜃, the object 𝑓(𝑥, 𝑦) can be fully recovered.97 

The Radon operator 𝑅 transforms the coordinate system of the object in real space to 

the Radon space (𝑙, 𝑧), where 𝑙 represents the direction perpendicular to the projection 

direction and is given by 𝑙 = 𝑟·cos 𝜃, and 𝑧 represents the direction parallel to the 

projection direction (𝑧 = 𝑟 sin 𝜃). Here, 𝜃 denotes the projection angle (Figure 2.5.a). 

To simplify the mathematical description, polar coordinates (𝑟,𝜙) are often used instead 
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of Cartesian coordinates for representing the object in real space. The polar coordinates 

are defined as 𝑟 =  √𝑥2 + 𝑦2 and 𝜙 = tan-1(𝑦/𝑥).  

Figure 2.5 illustrates that a projection of the complete object in Radon space corresponds 

to a sinusoidal-shaped line, which is why the projections in Radon space are commonly 

referred to as sinograms. Complete sampling of the object is achieved by recording 

projections at all possible projection angles, as demonstrated for the Shepp-Logan 

phantom in Figure 2.5.b, in both real and Radon space. In practise, however, 

reconstruction approaches based on Radon transform are often implicit, because the 

projection data are always sampled at discrete angles leaving regular gaps in the Fourier 

space. The Radon transform calculations intrinsically require a continuous function, and 

therefore, radial interpolation is required to fill the gaps in the Fourier space. Thus, the 

quality of the reconstruction is significantly affected by the type of implemented 

interpolation, where the smearing, data loss and creation of a non-unique solution from 

unique input data can be observed.98 

 

Figure 2.5 Geometrical relationship between polar (𝑟,𝜙) and Radon (𝑙, 𝜃) space. (a) 

The trajectory of the red circle on the right panel corresponds to the dislocation of the 

red circle of the left panel.99 (b) Illustration of the same principle in (a) for the Shepp-

Logan phantom.100  
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2.3.2 Back-projection 

A straightforward approach to obtain a reconstruction is through back-projection. This 

technique involves taking all the sinogram values and re-projecting them back into the 

object space along the corresponding line. Mathematically, the concept of back-

projection can be expressed as: 

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

0
            (2.2) 

However, this approach often results in a blurred version of the object (Figure 2.6a,b). 

The underlying problem becomes evident when examining the Radon transform in the 

frequency domain. The projection can be described as: 

𝑝(𝑥) = ∫ 𝑓(𝑥, 𝑦)𝑑𝑦
+∞

−∞
               (2.3) 

The Fourier transform of the object is given by: 

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

−∞

+∞

−∞
            (2.4) 

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

is represented by: 

𝐹(𝑢, 0) = ∫ [∫ 𝑓(𝑥, 𝑦)𝑑𝑦
+∞

−∞
]𝑒−2𝜋𝑖(𝑢𝑥)𝑑𝑥  =   ∫ 𝑝(𝑥)𝑒−2𝜋𝑖(𝑢𝑥)𝑑𝑥

+∞

−∞

+∞

−∞
        (2.5) 

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

it implies that the 1D Fourier transform of a projection of a 2D object corresponds to a 

line passing through the 2D Fourier transform of the imaged object. This line intersects 

the origin of the Fourier space and is perpendicular to the projection direction. This 

concept is known as the central slice theorem. From Figure 2.7, it is evident that lower 

frequencies are overestimated when combining all the projection slices. This 

oversampling of the lower frequencies can be compensated by employing a weighting 

filter, leading to the weighted back-projection (WBP) reconstruction technique (Figure 

2.6c). 
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Figure 2.6 (a) Shepp-Logan phantom, reconstruction using  (b) back projecting and (c) 

WBP. 

 

Figure 2.7 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.97 

2.4 Imaging modes for electron tomography 

As discussed in Section 2.3.1, the projection requirement states that the intensity 

observed in a projection image should exhibit a monotonic relationship with a specific 

physical property of the object being studied, integrated throughout its thickness along 

the direction of projection.101 In light of this requirement, it is imperative to perform a 

careful selection of an appropriate imaging modality. For instance, BF TEM proves 

particularly well-suited for the examination of amorphous materials102 and biological 

structures,103 owing to the prevalence of absorption-based contrast as the primary 

contrast mechanism. Consequently, the intensity observed in the projection image is 
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directly correlated with the thickness of the specimen in such cases. However, BF TEM 

fails to provide reliable information about the thickness of crystalline samples, where 

the strong diffraction contrast becomes dominant, leading to the disconnection between 

the acquired intensity and the thickness of the specimen. In the next section, I will 

review the different imaging modes that can be employed for tomography of metallic 

NPs, studied in this thesis. 

2.4.1 STEM imaging 

STEM is a powerful imaging technique used in electron microscopy that provides 

detailed structural and compositional information about nanoobjects at the atomic level. 

As discussed in Section 2.2, mass-thickness contrast plays a dominant role during the 

formation of HAADF-STEM images and satisfies the projection requirement.104 In that 

manner, ET based on HAADF-STEM imaging has proven itself as a valuable technique 

for the investigation of various complex nanostructures in 3D.101,105 

The growing complexity of synthesized NPs may require the investigation of structural 

defects in 3D, that could be achieved with LAADF-STEM tomography. However, the 

ability of LAADF-STEM to yield the superior information on the location of crystal 

defects, e.g., twin planes, is undermined by the significant shape and volume errors, 

arising from the projection requirement violation.106 To overcome this limitation, 

acquiring the tilt series by simultaneously using different detectors can be performed, 

allowing  to obtain the 3D information on the actual morphology of the particle 

(HAADF-STEM, Figure 2.8a) and the position of crystal lattice defects (LAADF-

STEM, Figure 2.8b). To obtain a better visualization of the defects from the LAADF-

STEM reconstruction, a manual segmentation is typically performed. Because the 

acquisition is performed simultaneously, the alignment parameters for both series are 

identical, two reconstructions can be superimposed in a straightforward manner (Figure 

2.9).106 This approach is called “multimode ET” and has proven itself as a powerful 

method to investigate the presence of defects in NPs.22,106 
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Figure 2.8 (a) HAADF-STEM and (b) LAADF-STEM projections of Au decahedron, 

taken simultaneously.106 Image is adapted from open access article distributed under the 

terms of the Creative Commons CC BY license (Copyright © 2018 American Chemical 

Society. 

 

Figure 2.9 3D visualization of the HAADF-STEM reconstruction (a) and the twin 

planes segmented from the LAADF-STEM reconstruction (b) of an Au decahedron. 

Both volumes are superimposed to evaluate the position of the twin planes in the correct 

volume (c).106 Image is adapted from open access article distributed under the terms of 

the Creative Commons CC BY license (Copyright © 2018 American Chemical Society). 

2.4.2 Energy dispersive x-ray spectroscopy 

For HAADF-STEM imaging, the chemical composition of specimens can typically be 

inferred when there is a significant difference in atomic masses between chemical 

species. On the other hand, HAADF-STEM only provides relative intensity values and 

prior knowledge of present elements may be needed. In addition, for chemical elements 
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with very similar atomic number Z or in the case of alloying, spectroscopic methods are 

necessary to accurately characterize the specimen's chemical nature. In a transmission 

electron microscope, this information can be for example obtained through EDX.107–109 

STEM-EDX is commonly employed to record the X-ray signals emitted during inelastic 

scattering events, and semiconductor-based detectors are used to capture these signals. 

When X-rays interact with the detector, electron-hole pairs are generated and translated 

into charge pulses. As the X-ray energies are typically above 1 keV, multiple electron-

hole pairs are created, and the quantity is directly proportional to the energy of the 

detected X-ray. Unfortunately, in most cases the application of EDX tomography is 

severely limited by the typically very low signal-to-noise ratio (SNR) in the 2D 

elemental maps. The poor SNR is caused by the combination of the fundamentally low 

probability of characteristic X-rays generation and low efficiency of their detection due 

to the size constraints on the EDX detector inside a TEM.110 To improve the SNR of 

EDX maps, a Super-X detector, consisting of four detectors, can be employed, ensuring 

the more effective collection of X-rays (as shown in Figure 2.9a).111 Each pixel within 

the region of interest can be assigned an energy spectrum (Figure 2.9b). By fitting the 

spectrum across the entire region of interest, a 2D chemical map of the region can be 

generated, as exemplified by an Au@Ag@m-SiO2 PT NR (Figure 2.9c). To accurately 

quantify the chemical composition of a spectral map obtained from EDX spectroscopy, 

various methods can be employed, including the Cliff-Lorimer ratio technique110,112,113 

and the ζ-factor methodology.114 Achieving statistically significant results requires 

multiple scans over the region of interest to enhance the SNR ratio. 
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Figure 2.9 (a) Design of the Super-X detector (blue) for the detection of x-rays emitted 

by the specimen (orange).115 (b) Typical spectrum obtained by EDX spectroscopy of an 

Au@Ag@m-SiO2 PT nanorod. (c-f) HAADF-STEM image and 2D chemical maps (Au, 

Ag and the superposition of both) of the same nanorod investigated in (b). Scalebars are 

40 nm. 

The EDX spectroscopic technique can be extended to three dimensions, as the detection 

of X-rays is directly related to the volume of the chemical element within the specimen. 

This satisfies the projection requirement for tomographic reconstructions.116 

Nonetheless, owing to the poor SNR inherent to EDX maps, the duration needed for 

acquiring a single STEM-EDX projection may extend beyond 10 minutes, which 

drastically increases the total duration of tilt series acquisition and, in parallel, imposes 

substantial electron doses, rendering this approach unsuitable for beam-sensitive 

materials. Typically, EDX maps are acquired for only a few projections to minimize 

exposure time and prevent radiation damage-induced structural modifications. In this 

approach, a tomographic series is simultaneously obtained using the HAADF-STEM 

mode, covering on as wide tilt range as possible, and the spectroscopic data is 

incorporated during the tomographic reconstruction process.108,109 Recent studies 

conducted in our laboratory have demonstrated that combining the ζ-factor 
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methodology with 3D characterization of nanomaterials yields more precise 

quantification compared to the Cliff-Lorimer ratio.117 This distinction arises from the 

capability of the ζ-factor method to provide data on the specimen's thickness at each 

discrete analysis point in conjunction with compositional information.118 In contrast, the 

accurate execution of Cliff-Lorimer analysis necessitates both a uniform specimen 

thickness and the capacity to derive individual element-specific k-factors, typically 

obtained from standard samples.119 It is also worth mentioning that deep learning-based 

denoising method was developed at EMAT, based on the establishing an extensive 

database of realistic nanoparticle structures and simulated noisy and clean EDX maps, 

which was used for training and quantitative evaluation of various data-driven image 

processing, analysis, and reconstruction methods for nanoparticles.120 Based on these 

data, a deep neural network with U-net architecture was trained for denoising elemental 

maps.120 This method is allowing for more than an order of magnitude reduction in 

electron dose and acquisition time for EDX tomography without compromising the 

analysis of elemental distribution in nanoparticles.120  

In addition to the Z-contrast of elastically scattered electrons or X-ray signals generated 

during inelastic scattering events, other signals resulting from the interaction of an 

electron beam with matter and satisfying the projection requirement can be detected in 

modern electron microscopes and utilized for tomography reconstructions. For instance, 

electron holography relies on the formation of an interference pattern or 'hologram', 

facilitating the recovery of the phase shift of the electron wave.121 As the phase shift is 

sensitive to local variations in magnetic and electrostatic potential, the technique can be 

used to obtain quantitative information about magnetic and electric fields in 3D.122,123 

Another example is Energy Filtered Transmission Electron Tomography (EFTEM), 

which employs EELS technique based on the detection of inelastically scattered 

electrons.124,125 This technique is typically applied for the three-dimensional 

characterization of the chemical nature and oxidation states of various 

nanomaterials.126,127 Furthermore, the development of novel techniques enables to 

obtain 3D information about nanomaterials, as in case of 4D-STEM based MultiSlice 

Electron Tomography (MSEM) which can be applied to a wide variety of materials, 

including radiation-sensitive samples and materials containing light elements.128,129. 
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2.5 Practical aspects of electron tomography 

In this section, a comprehensive overview of every practical step involved in a 

tomography experiment is provided. 

2.5.1 Image acquisition 

In an ET experiment, a tilt series of multiple projection images is acquired. The 

acquisition process involves using a dedicated single tilt tomography holder (Figure 

2.10a). The images are captured over a large tilt range, typically with a constant tilt 

increment of 1–3°. Ideally, the acquisition should cover a tilt range from -90° to +90°. 

However, even with a dedicated holder design, a maximum tilt angle of only ±80° can 

be achieved (Figure 2.10b). This limitation creates a "missing wedge" of information in 

the acquired data, leading to artifacts in the reconstruction process. These artifacts 

manifest as blurring and elongation of the reconstructed image along the direction of 

the optical axis. The impact of these "missing wedge" artifacts can be observed in Figure 

2.11.  

 

Figure 2.10 (a) Fischione 2022 tomography holder. (b) Representation of the missing 

information during the tomography acquisition. 
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Figure 2.11 Series of phantom images showing the missing wedge artifact. a) The 

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

z-direction.130 

The utilization of Focused Ion Beam (FIB, a precision instrument used in microscopy 

and microfabrication employing a focused beam of ions, e.g. Ga ions)131 to mill or 

section a sample to create thin specimens for analysis in conjunction with an on-axis 

tomography holder (Figure 2.12a) offers significant advantages in acquiring tilt series 

encompassing a full tilt range of ±180°, thereby eliminating missing wedge artifacts. 

This approach is only applicable in studies for which a needle shaped sample can be 

prepared, e.g. self-supporting needle-like structures. Additionally, the supporting matrix 

can accommodate various nanostructures, such as the combination of zirconia and 

polymer,132 carbon nanotubes and silica,133 or porous La2Zr2O7 films (Figure 2.12b,c).134 

Subsequently, FIB treatment and ET investigations can be performed, effectively 

avoiding the occurrence of missing wedge artifacts. It is important to note, however, 

that the FIB milling process can introduce traces of Pt and Ga within the sample, 

potentially altering its initial morphology. Careful consideration should be given to 

these effects when utilizing FIB sample preparation for tomography experiments. 

Another significant constraint to consider is the stability of the sample throughout the 

acquisition of the tilt series. This stability may decrease as the size of the needle-shaped 

specimen is reduced, especially when aiming for the acquisition of high-resolution 

(S)TEM projection images.135 As a result, this method is employed in only a limited 
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number of studies due to the challenging preparation of needle-shaped specimens for 

arbitrary samples, such as nanoparticles.136,137 

 

Figure 2.12 (a) Fischione 2050 on-axis rotation tomography holder allowing ±90° tilt. 

(b) 2D projection image of a needle-shaped pillar and (c) the visualisation of the 3D 

reconstruction obtained for a porous layer of La2Zr2O7.134 (Copyright © 2011 IOP 

Publishing Ltd) 

2.5.2 Alignment of a tilt series 

The next step in ET is image alignment to compensate for any residual shifts between 

consecutive projection images. Despite efforts to bring the region of interest into the 

field of view during the acquisition, there can still be a small residual shift of a few nm 

between images. To obtain an accurate 3D representation of the specimen, it is crucial 

to align the series of projection images, preferably with subpixel precision. One 

common approach for image alignment is to use cross-correlation, which measures the 

degree of similarity between two consecutive images (Figure 2.13). The cross-

correlation is derived by calculating the inverse Fourier transform of the product of the 

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

transform of the second image (Figure 2.13a-c). The location of the maximum intensity 

in the cross-correlation image indicates the displacement between the two original 

projection images (represented by red circle Figure 2.13c). The derived displacement 

position can be further adjusted until it aligns with the center of the resulting cross-

correlation image, thereby ensuring the minimization of the shift between the two 

projections. Consequently, by calculating the cross-correlation function, it becomes 

possible to determine the degree of shift between each pair of images. 
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Figure 2.13 Cross-correlation (c) between two images of Au NP acquired at different 

tilt angles (a: 0°, b: 3°) was calculated. Red circle in (c) represents the position of the 

maximum intensity in the cross-correlation and, thus, the relative shift between the two 

original projections. When two projections are optimally aligned, the position of 

maximum intensity (red circle) will coincide with the center of the image. 

Once the images are aligned, it is necessary to adjust the tilt axis before proceeding with 

tomographic reconstruction. This adjustment is essential because the projection 

geometry employed by reconstruction algorithms demands that the rotation axis be 

precisely vertical and intersect the center of each projection (as indicated by the red line 

in Figure 2.14a). However, the actual rotation axis of the acquired tilt series often 

deviates from this required position. This deviation is typically caused by the 

experimental setup parameters, such as the scanning directions in STEM. Thus, the goal 

is to determine the optimal tilt axis for the tomography series, which minimizes artifacts 

in the reconstructed slices. This can be achieved by reconstructing three slices along the 

object at the top and bottom (blue and green lines in Figure 2.14a) and examining the 

presence of “arc” artifacts (highlighted by dashed lines in Figure 2.14). To minimize the 

arc artifacts, the position and inclination of the tilt axis can be manually adjusted during 

the data processing step. When the tilt axis is properly aligned, more accurate 

tomographic reconstructions are obtained (Figure 2.14b), showing no indication of 

strong arc artifacts. If there is a rotation of the tilt axis, only slices above and below the 

central slice will show arc artifacts, pointing in opposite directions (Figure 2.14c, dashed 

lines). If there is a misalignment in the position of the tilt axis, an arc artifact will be 
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observed in all slices, pointing in the same direction (Figure 2.14d, dashed lines). As 

can be seen, an incorrect estimation of the tilt axis results in a loss of information in the 

final reconstruction. After the rotation axis is aligned, the series of aligned images can 

be used as input for the tomographic reconstruction process. 

 

Figure 2.14 Alignment of the tit axis of a tomograph. (a) 0° projection of the studied 

Au NP. The red line represents the position of the tilt axis, whereas the blue and green 

lines depict the positions of top and bottom slices through the 3D reconstructions 

corresponding to the top and bottom images in (b,c,d). In (b), the presence of arc 

artifacts is minimized due to the correct alignment of the tilt axis. In (c), an incorrect 

rotation of the tilt axis leads to the formation of arc artifacts, pointing to the opposite 

directions. In (d), a shift of the tilt axis results in the creation of arc artifacts, pointing 

to the same direction. White dashed lines correspond to arc artifacts. 

2.5.3 Reconstruction methods 

Following the discussion of the Fourier slice theorem, it is possible to execute 

tomographic reconstruction in real space. One frequently employed technique is 

weighted back-projection (WBP), which operates on the same principles as the Fourier 

slice theorem but is conducted in real space. In cases where a substantial number of 

projection angles is unavailable, WBP results in reconstructions of poor quality due to 

inadequate sampling. To address this limitation, iterative methods are employed. A 

commonly used technique is the simultaneous iterative reconstruction technique 
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(SIRT). SIRT involves refining the reconstruction at each iteration by solving the 

minimization problem: 

𝑥  =  𝑎𝑟𝑔𝑚𝑖𝑛𝑥‖𝐴𝒙 −  𝒃‖ 2
2,                                       (2.6) 

where 𝒙 is the vector that represents the reconstructed object, 𝐴 denotes the projector 

operator, and 𝒃 symbolizes the vector that represents the projection images. The initial 

iteration is obtained by applying the back projection method. Subsequently, images 

based on the first reconstructed volume are generated at the same projection angles and 

compared with the input images for reconstruction. The relative error, or residual, 

between the input and the generated projection image is computed simultaneously for 

each tilt angle and used to generate a new reconstructed volume. This iterative process 

continues until convergence is achieved in minimizing the residual, as depicted in 

Figure 2.15. For a typical SNR in HAADF-STEM tilt series of metallic NPs (SNR ≈ 8), 

it was reported that this method will converge after approximately 20 to 30 iterations.138 

Another reconstruction approach known as the Expectation-Maximization (EM) 

algorithm is employed for maximum likelihood estimation, particularly advantageous 

in scenarios involving missing variables, which can arise due to factors like the missing 

wedge in tilt series collection.139 The EM algorithm operates by initially estimating the 

values of these missing variables and subsequently optimizing the reconstructed object. 

This two-step process of expectation (E) and maximization (M) is repeated iteratively 

until convergence is achieved. It is important to note that the SIRT algorithm can also 

be demonstrated to converge towards a maximum likelihood solution, but it is only 

suitable for situations where the noise in the input data is Gaussian distributed. An 

advantage of EM is the adaptability to handle input data characterized by a Poisson 

distribution, experimentally arising from discrete number of events at each measured 

point – such as the number of scattered electrons in HAADF STEM, that makes EM 

algorithm a very popular practical method for obtaining electron tomography 

reconstructions. 
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Figure 2.15 Flowchart showing the principle of the iterative reconstruction methods.140 

Image is adapted from open access article distributed under the terms of the Creative 

Commons CC BY license (Copyright 2016 IntechOpen). 

Recently, significant advancements have been made in the development of more 

advanced algorithms that leverage prior knowledge in tomographic reconstructions. 

Two notable examples are the Discrete Algebraic Reconstruction Technique (DART)141 

and Total Variation Minimization (TVM)142 algorithms. The DART algorithm operates 

under the assumption that only a limited number of materials exist, represented by a 

discrete set of grey values, within the reconstruction. During the iterative process, the 

DART algorithm performs segmentation of the reconstruction, enabling a direct 

quantifiable reconstruction (Figure 2.16). On the other hand, the TVM reconstruction 

algorithm is based on the principles of compressed sensing. In this method the prior 

knowledge that the boundary of the specimen is sparse is used. By incorporating such 

prior knowledge, these advanced algorithms contribute to the improvement of 

tomographic reconstruction, but they are highly computationally demanding and require 

careful choice of reconstruction parameters, e.g. threshold intensity values for DART 

reconstruction. 
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Figure 2.16 Numerical tomography simulations of (a) a phantom object and its 

reconstructions performed for a ±60° tilt range with 2° increments obtained using (b) 

WBP, (c) SIRT and (d) DART.143 Adapted with permission from Elsevier (Copyright 

© 2017 Elsevier B.V.) 

2.5.4 3D visualization and quantification 

Three primary techniques are employed for visualization: orthoslices, isosurfaces, and 

volume rendering using voxels (voltex rendering). Orthoslices are essentially cross-

sectional slices obtained from the reconstruction, enabling examination of the internal 

structure of the nanoparticle along various directions. These orthoslices are considered 

the most objective visualization method since they do not require a (manual) threshold. 

In addition, slices through the reconstruction can be used to analyse the inner structure 

of studied objects, e.g., the presence of twin boundaries in Au NPs (bright lines in Figure 

2.17a). Apart from orthoslices aligned with the original x, y, and z directions of the 3D 

reconstruction, oblique slices, taken along arbitrary orientations, can also be employed 

to offer greater flexibility in visualizing specific features of interest. 
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Figure 2.17 Example of 3D reconstruction representations of chiral Au NP: (a) central 

slice through the reconstruction, (b) isosurface and (c) voltex rendering. Retrieving 

consecutive slices facilitates the examination of the internal structure of a NP, offering 

insight into features like defects or voids. Conversely, isosurface and volume rendering 

enable the manipulation of the entire NP volume. These techniques allow for actions 

such as rotating the NP to various viewing angles, providing the means to analyze 

surface features effectively. 

In contrast, both isosurfaces and voltex rendering (Figure 2.17b,c) involve selecting a 

threshold prior to their calculation. Only intensities surpassing the threshold are taken 

into consideration. For isosurfaces, voxels with identical intensities are connected to 

form a connected surface, effectively reducing the 3D volume to a 2D surface. This 

reduction significantly benefits calculation time. Additionally, isosurface can be easily  

extracted for the utilization as an input for, e.g. simulation of electromagnetic properties 

(for more detail see Section 2.5.5). Conversely, voltex rendering projects the entire 3D 

volume onto the computer screen, allowing the manipulation of intensity, color, and 

transparency of the 3D reconstruction to emphasize specific details. 

2.5.5 Electron tomography as an input for atomistic and 

electromagnetic simulations 

The structural information of various nanomaterials, obtainable directly through 

(S)TEM techniques, has demonstrated its significance in both fundamental and material 
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sciences. However, atomic-resolution data about nanomaterials (particularly in 3D) 

acquired via electron microscopy, can also be integrated with or utilized as input for 

theoretical modelling methods. This synergy can substantially enhance the scientific 

insights gained in the field of material sciences, augmenting the overall outcome of 

conducted researches. 

One particular example is Molecular Dynamics (MD) simulations based on the idea of 

classical mechanics, which is the study of the dynamical response of objects under 

applied forces.144,145 MD simulations can allow researchers to observe atomic-scale 

dynamics, as well as conformational transitions under different conditions, such as 

changes in temperature or pressure.3,4  In that light, the processes at nanoscale 

experimentally observed by using high resolution and in situ (S)TEM methodologies 

can be incorporated with the MD simulations, as was demonstrated for different 

nanomaterials at EMAT. 146,147 

For instance, the laser-light-induced atomistic rearrangements in Au NRs, causing shape 

deformations and defect generation was demonstrated by combined atomic-resolution 

ET and MD simulations.146 In this work, based on the determined surface facets of the 

Au NR using ET (Figure 2.18a), model-like input structures of Au NRs were 

constructed to have {110} and {100} lateral facets, and a combination of {100},{110}, 

{111} facets at its tips.148–150 Next, mesoporous silica shell was created around the 

created Au NR models,151 followed by the structural relaxation of the created 

mesoporous silica-coated Au NR models  in vacuum and at room temperature before 

the MD simulations for laser heating. It should be mentioned, that while keeping ARs 

of Au NRs models similar to those obtained in the ET experiment, the diameter was 

reduced to 4 nm as the high computational cost limit the size range and time scales of 

MD simulations. During the MD simulations, Embedded Atom Model (EAM)152 was 

used for the interaction between Au atoms, whereas the inter-atomic potential of 

Vashishta et al.153 was defined for the interaction between the atoms of silica. 146 For the 

interaction between the Au atoms and the mesoporous silica coating, the Lennard-Jones 

potential was applied.154 Then the MD simulations for femtosecond laser excitation 

were performed (Figure 2.18b). In this way, atomistic rearrangements upon 
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femtosecond laser irradiation causing shape deformation and defect generation were 

unravelled by performing MD simulations based on experimentally measured surface 

morphology.  

 

Figure 2.18 (a) Atomic resolution ET of the same silica-coated Au NR before and after 

femtosecond laser excitation: 3D visualization before and after excitation along the 

same viewing direction. A magnified visualization shows the SC nature of the particle 

before laser excitation. After excitation, a magnified visualization and a slice through 

the middle of the NR (right box) confirm TB defects. (b) MD simulations of laser-heated 

Au NR: Side views (left sides) and interior structure (right sides) before and after 

simulated laser pulse excitation and the calculated temperature profiles. For these 

simulations, particle of a smaller size but with a similar aspect ratio to the NP from (a) 

was utilized. The silica coating is omitted in the visualizations in both (a) and (b).146 

Adapted with permission from Wiley Materials (Copyright © 2021 Wiley-VCH 

GmbH). 

Additionally, combined ET and MD simulations can be also performed to investigate 

the elemental diffusion in bimetallic systems. One of the examples is the diffusion in 

Au@Pt NPs, where the thermal migration of Au atoms from the core through the 

interface to the outer surface were reported using of in situ heating ET.147 This behaviour 

was further confirmed by MD simulations, showing that diffusion of Au atoms to the 

surface leads to a thermodynamically favourable structure compared to initial unstable 

Au@Pt NPs (Figure 2.18b).147 In this work,147 the input structure of Au NRs were 
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constructed to have eight {520} lateral facets and {100}, {110}, {111} facets at its tips 

based on the experimentally determined surface facets.155 Then the created Au NR was 

placed at the center of the created Pt structure.156 Since using the actual size of the 

experimental NPs in MD simulations requires vast computational power, overall sizes 

of the created Au@Pt NRs were scaled down, whereas for all the other parameters, such 

as aspect ratio and Pt/Au ratios, experimentally determined values were used.147 The 

following simulations were carried out with the EAM potential.155 First, the conjugate 

gradient energy minimization was applied to all input structures of NRs by imposing a 

maximum distance that an atom can move in a one-time step (0.01 Å).147 Afterward, the 

systems were relaxed at room temperature for 20 ns in a canonical ensemble with Nosé–

Hoover thermostat (NVT ensemble) and a damping factor of 0.1. Then, the temperature 

of each system was increased with the NVT ensemble up to 200 °C with a constant 

heating rate of 0.5 K/ps, and the NRs were relaxed for 20 ns at each temperature.147  

Another powerful theoretical approach for the investigation of materials at the nanoscale 

are Density Functional Theory (DFT) simulations. The underlying principle of DFT is 

that the electron density is the fundamental quantity to describe the ground state 

properties of the many-body system.156 However, instead of solving the Schrödinger 

equation for the many-electron system, which is computationally infeasible for large 

systems, certain approximations are used in DFT. For instance, the approximations 

based on Kohn-Sham equations157 can be applied, enabling the replacement of original 

many-body problem with an auxiliary system of independent particles, moving in an 

effective potential.158 The Kohn-Sham equations must be solved self-consistently, but 

the group of parameters related to the interaction of the particles with the effective 

potential remains fundamentally unknown, related to the interaction of the particles, not 

accounted in the non-interacting Kohn-Sham approach.158 These parameters are known 

as exchange-correlation parameters and can be determined using local density157,159 and 

generalised gradient160 approximations (LDA and GGA) to the exchange-correlation 

energy of studied system. In addition,  the van der Waals density functional (vdW-DF) 

method161 can be used to enable the simulation of van der Waals interactions between 

the atoms in the simulation. In that manner, the DFT calculations combined with UV–

vis spectrometry demonstrated the preferential coordination of aminopropanol through 
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the amino group on the surface of Pd NPs, controlling the particle shape through a 

selective blocking of (100) facets, which promote the growth on the (111) facets.162 

Given the ability of DFT simulations to predict the interaction of various nanomaterials 

with organic molecules, complex studies can be envisioned, where the information on 

the surface faceting of various NPs, obtained from ET experiments, can be corroborated 

with DFT calculations. I will demonstrate this concept in Chapter 4 of my thesis, where 

I will show how surface faceting information was obtained through ET and was 

subsequently utilized as input data for DFT calculations, specifically focused on the 

facet-specific adsorption of Cys molecules on the surface of Au NPs. 

To investigate the chiral nature of various metallic NPs electromagnetic modeling of 

the optical properties can be performed based on the numerical resolution of Maxwell's 

equations.163 This method is typically used to understand experimental measurements 

of plasmon resonance modes, using idealized models that resemble as close as possible 

the experimental morphology of interest.163 The 3D objects retrieved from electron 

tomography reconstructions are more reliable models that can be used directly as the 

input for such simulations. However, the typical methods of electromagnetic 

simulations, e.g. discrete-dipole approximation164 or frequency-domain finite-element 

methods,165 yield reliable analytical solution of Maxwells’s equations only for higher 

symmetric geometries.166 To achieve reliable electromagnetic modeling of complex 

nanostructures, full-wave frequency-domain methodology based on boundary-element 

parametrizations (surface integral equation-method of moments, SIE-MoM) was 

proposed and utilized by the groups of F. Obelleiro and J.M. Taboada.166 In this 

approach only the material boundaries (i.e., two dimensional surfaces) must be 

parametrized, thereby drastically reducing the resulting algebraic problem size if 

compared with conventional volumetric approaches.166 In this manner, the 3D volume 

obtained from ET (Figure 3.7a)167 can be converted into a mesh object representing the 

surface (Figure 3.8b), that can be used as an input for SIE-MOM simulations of 

chiroptical properties. Although suitable reproduction of the observed morphologies can 

still be challenging, given the intricate network of wrinkles covering the chiral Au NR 

surface, more accurate morphologies can be created, mimicking the size/AR of the 

studied NPs and the regions with wrinkles displaying different angles (Figure 3.7c).167 
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The comparison of simulated (Figure 3.7d) and experimental (Figure 3.7e) chiroptical 

activity of the wrinkled Au NPs demonstrates an excellent agreement of experimentally 

measured CD spectroscopy results with electromagnetic simulations, that underscores 

the utility of electron tomography data as valuable input for these simulations.167 

 

Figure 2.19 (a) Tomography reconstruction of a Au NP grown in an (R)-BINAMINE-

CTAC mixture, (b) Magnified part of the surface of the chiral Au NP (black square in 

a), represented as triangular meshes. (c) Idealized  models of chiral gold NRs 

(resembling experimental morphology) used to simulate the chiral plasmonic properties 

(from left to right: 165 × 73, 210 × 112, and 270 × 175 nm). (d) Calculated anisotropy 

factor spectra (red, blue, and magenta respectively). (e) CD-spectral evolution of the 

anisotropy factor for chiral Au NRs with the comparable average dimensions.167 

Adapted under the terms of the Science Journals Default License (Copyright © 2020 

American Association for the Advancement of Science). 
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Chapter 3. Introduction to the synthesis of chiral 

NPs 

The synthesis of chiral nanostructures can be divided into two main approaches. The 

first one, the top-down approach168 is based on the local elimination of material from a 

larger object or film to obtain the desired shape, layout, and properties, using 

technologies such as direct laser writing (DLW), focused ion beam etching, and optical 

or electron-beam lithography. For example, Wegener’s group obtained corkscrew-

shaped gold helix arrays using DLW (Figure 3.1).169 However, most studies have 

focused on assemblies of similar nano-objects placed in a 2D plane either at random 

positions or ordered on a regular 2D array.170,171 Although well-defined 3D 

nanostructures can be produced by lithographic techniques (and more generally top-

down approaches), they often require multistep processes of layer-by-layer deposition 

and expensive vacuum-based equipment.170 In particular, the building blocks need to 

have subwavelength dimensions, i.e., of the order of tens of nanometers for applications 

in the visible and UV range, which is challenging, even for e-beam lithography.170 
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Figure 3.1 (A) Focused-ion-beam (FIB) cut of a polymer structure partially filled with 

gold by electroplating. (B) Oblique view of a left-handed helix structure after removal 

of the polymer by plasma etching. (C) Top-view image revealing the circular cross-

section of the helices and the homogeneity on a larger scale.169 Adapted under the terms 

of the Science Journals Default License (Copyright © 2009 American Association for 

the Advancement of Science). 

Alternatively, bottom-up approaches can be employed to manipulate nanoparticles and 

arrange them into hierarchical structures or assemblies. One example of such assemblies 

is the self-assembly of nanoparticles facilitated by their physical interaction with chiral 

templates, such as DNA origami or chiral nanofibers (Figure 3.2).172–174 This self-

assembly process results in the formation of chiral nanostructures, where the 

nanoparticles are adsorbed onto the surface of a chiral template, thus adopting a helical 

arrangement. The optical properties of these chiral assemblies are determined by their 

complex structure, which can give rise to multiple LSPR modes that may spectrally 

overlap with each other.168 This overlapping of LSPR modes can complicate the 
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interpretation of CD spectra (Figure 3.2d).175 Additionally, the chiroptical behavior, 

which refers to the optical activity resulting from the anisotropic coupling between the 

assembled nanoparticles, can be significantly degraded in multilayer structures where 

the individual particles are in close proximity and interact with each other.176 These 

limitations in the self-assembly of nanoparticles on chiral templates can hinder their 

application in certain contexts. To overcome these challenges, it is necessary to 

synthesize individual nanoparticles with their own inherent chirality. By directly 

introducing chirality into the nanoparticles during their synthesis, it becomes possible 

to achieve well-defined chiral properties without the complications arising from 

assembly processes. 

  

Figure 3.2 (a) TEM image of Au NRs in the presence of α-synuclein fibrils. (b) Cryo-

tomography reconstruction image of a composite fiber showing the 3D chiral 

arrangement of Au NRs. An enlarged view of the top marked portion of the assembly is 

shown in (c).174 Image is taken from open access article distributed under the terms of 

the Creative Commons CC BY license (Copyright © 2018 PNAS). (d) Transmission of 

LCP and RCP waves through a stack of rotated metasurfaces by increasing the number 

of layers (L=120 nm, θ=60°). From left to right, the number of layers increases from 

two to seven, with the insets illustrating one unit cell of the corresponding twisted 

metamaterial slab along the direction of propagation.175 Reproduced with permission 

from Springer Nature (Copyright © 2012, Springer Nature Limited). 
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3.1 Facet dependent adsorption of amino acids leading to 

twisted morphologies 

Wet chemical synthesis can be used as an efficient technique for the synthesis of chiral 

NPs, particularly by utilizing chiral molecules as co-surfactants during the crystal 

growth process. By incorporating diverse chiral molecules during the synthesis, it 

becomes possible to induce different types of chirality in the resulting NPs. However, 

the mechanisms underlying chiral growth should still be investigated in more detail. In 

the following sections, chiral growth in presence of different types of chiral inducers 

will be discussed. 

Among the first experimental efforts, the synthesis of chiral Au “propellers” from 

achiral nanotriangles was performed using cysteine enantiomers (Figure 3.3a).177 The 

following studies, performed by Nam et al,178,179  revealed the mechanism of chiral 

overgrowth on cubic and octahedral Au seeds using enantiomers of amino acids and 

peptides, e.g. cysteine (Figure 3.3b). In more detail, the chiral growth can be explained 

by the formation of high-order facets, e.g., {321} at kink sites of the Au seed. The {321} 

facets can exist in the R (clockwise rotation, (321)R) or S (anticlockwise rotation, (32-

1)S) conformations, defined by the rotational direction of the low-index planes (or 

microfacets) (100), (110) and (111), as represented in the Figure 3.4(a,b).178 The type of 

R or S rotation is defined by the type of chiral inducer, used during the synthesis: D-

cysteine molecules more likely adsorb on the right-handed {321}R, rather than on the 

left-handed {321}S facets, which hinders the crystal growth of  right-handed {321}R, 

therefore resulting in the 4-fold left-handed symmetry, confined by {321}S facets.178 the 

optimization of synthesis enabled to produce more homogeneous chiral helicoids with 

432 point symmetry and improved g-factor of 0.3.179 The study of the polarization-

dependent photothermal characteristics of these structures revealed that when circularly 

polarized laser illumination was applied, the temperature of a chiral helicoid 

nanoparticle (grown in the presence of L-glutathione) exhibited a higher increase under 

right-polarized irradiation compared to left-polarized irradiation.180 Starting from chiral 

helicoid gold NPs, K. Nam's group further developed similar structures with a rhombic 

dodecahedral morphology using cysteine181 and a cube shape with protruding chiral 



59 
 

wings using dipeptides (γ-glutamylcysteine and cysteinylglycine).182 In another work, 

N. Kotov and colleagues reported enhanced optical asymmetry properties, i.e. g-factors 

that reached values as high as 0.42 and 0.44 for chiral triangle-like Au particles 

synthesized using cysteine–phenylalanine dipeptides as chiral inducers under CPL 

irradiation (Figure 3.3c).183 

 

Figure 3.3 (a) Chiral Au “nanopropellers”.177 Adapted with permission from American 

Chemical Society (Copyright © 2020 American Chemical Society). (b) Chiral gold 

helicoids obtained from chiral overgrowth on cubic and octahedral seeds.178 Reproduced 

with permission from Springer Nature (Copyright © 2018 Macmillan Publishers Ltd). 

(c) ET reconstructions of chiral triangle-like Au NPs.183  Reproduced with permission 

from Springer Nature (Copyright © 2022 Springer Nature Limited). 
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Figure 3.4 (a) Schematic of a stellated octahedron, differentiated by high-index facets 

consisting of {321}S.16 Reproduced with permission from Springer Nature (Copyright 

© 2018 Macmillan Publishers Ltd). (b) Comparison of the atomic arrangement of the 

(321)R and (32-1)S Au surfaces. (c) Schematic representation of L- and D-cysteine. 

3.2 Helical CTAC-BINAMINE micelles leading to the wrinkled 

chiral morphology 

In parallel to the use of chiral molecules selectively adsorbing on specific surface sites 

of NPs, another type of chiral inducer was proposed by the research group of Prof. Luis 

Liz-Marzán (CIC BiomaGUNE, Spain) and studied in the framework of collaboration 

with EMAT.167 Namely, the ability of organic molecules with long aliphatic chains (e.g., 

CTAB, CTAC) to form elongated micelles in the solution at high concentration was 

found to be also beneficial for the chiral seeded growth. The agglomeration of CTAC 

and dissymmetric molecules, e.g., 1,1′-bi-2-naphthol (BINOL) or 1,1′-binaphthyl-2,2′-

diamine (BINAMINE), at the relatively high concentrations leads to the formation of 

chiral micelles (Figure 3.5a), that can coil on the surface of Au NRs, forming 

quasihelical patterns (Figure 3.5b). In this manner, adsorbed micelles direct the chiral 

overgrowth in NRs with pronounced morphological handedness, where sharp Au 
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wrinkles can only grow in between the adsorbed micelles (Figure 3.5b,c).167 The CD 

spectra of the resulting NRs demonstrate chiral plasmon modes with high g-factors 

(~0.20).167 It is worth noting that the g-factor values obtained are higher compared to 

those associated with "twisted" nanoparticles (as illustrated in Figure 3.3b,c)181,183. 

Additionally, the process of micelle-mediated chiral growth offers the enhanced 

flexibility in synthetic parameters (e.g., the choice of chiral surfactant, the size and 

aspect ratio of the Au seeds).167 This flexibility enables the adjustment of surface 

wrinkle sizes and, consequently, the control of g-factor values in the resulting chiral 

NPs.167 

  

 

Figure 3.5 (a) Chiral CTAC-BINOL micelle. (b) Schematic representation of the 

micelle-mediated chiral growth of Au NPs from achiral rod-like Au seed. (C) ET 

visualization of wrinkled Au NPs of different dimensions.167 Adapted under the terms 

of the Science Journals Default License (Copyright © 2020 American Association for 

the Advancement of Science). 
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3.3 Quantitative chirality analysis based on electron 

tomography 

To investigate chiral NPs, traditional techniques such as CD spectroscopy provide 

valuable information about their chiroptical properties (see Section 1.2) but lack 

structural information due to ensemble averaging.184 Scanning electron microscopy 

(SEM) can offer surface morphology information, but its resolution is typically 

insufficient (≥1 nm) for analyzing nm-sized chiral features or atomic-level structural 

details (Figure 3.6a).185 On the other hand, 2D STEM imaging can provide spatial 

resolution up to 50 pm, enabling structural characterization of sub-nm sized structures 

(Figure 3.6b). However, in case of highly asymmetric chiral NPs, single 2D projection 

of the studied object can be misleading (Figure 2.2). In such cases, 3D information 

retrieved from HAADF-STEM tomography can be explicitly used for the analysis of 

the chirality of individual NPs (Figure 3.6c). It should be noted, that even qualitative 

analysis of chirality is not straightforward based only on visual analysis of obtained 3D 

reconstructions, where the strong bias can be introduced due to the high irregularity of 

the surface features. Thus, dedicated quantification methods should be introduced to 

enable an accurate analysis of the chirality. 

 

Figure 3.6 (a) SEM image of chiral Au NPs, estimated spatial resolution is 

approximately 4 nm. Courtesy of E. Vlasov and W. Heyvaert, EMAT. (b) HAADF-

STEM image, taken at the same magnification with the spatial resolution of ~50 pm. 

Insets in (a,b) shows the magnified Au NPs to highlight the difference in spatial 

resolution between SEM and STEM. Scalebars in the insets are 50 nm. (c) The 

visualization of 3D reconstruction of the Au NP shown in the inset in (b). 



63 
 

In addition to providing only the input data for electromagnetic modeling of the optical 

properties described in Section 2.5.5, the volumetric nature of ET information can be 

used independently to conduct geometric analyses of the chirality of individual 

nanoparticles. For instance, the Hausdorff chirality measure quantifies the chirality of a 

geometric representation of an object by measuring the degree of coincidence of the 

object with its mirror image.186,187 It is based on minimizing the “Hausdorff distance” 

between the object and its mirror image, where an object is represented by a set of points 

in 3D space.186 The chirality measure is defined as the ratio between the minimum 

Hausdorff distance and the diameter of the set of points. While this method proves 

effective for quantitatively asessing the chirality of spherical assemblies of Au NPs,188 

it encounters limitations for relatively complex shapes. These limitations are primarily 

related to the extensive computational time required and the inability to differentiate 

between left- and right-handed chirality in intricate structures. Therefore, there is a 

pressing need for alternative techniques that can facilitate both qualitative and 

quantitative analyses of intricate chiral structures. 

Inspired by diffraction investigations performed on DNA molecules, single-walled 

carbon nanotubes (SWNT) and twisted Cu nanowires, where the X-shaped patterns 

related to the helical arrangement of (surface) features in reciprocal space were 

observed,189–191 3D FFT on the reconstructions of the wrinkled NPs (Figure 3.7a) were 

calculated. Indeed, X-shaped patterns were obtained (Figure 3.7b). The spots in 

reciprocal space were linked to the corresponding features in real space by manually 

segmenting the 3D FFT to minimize noise (Figure 3.7c). 167 When overlaying the inverse 

FFT with the original reconstruction the helical features were visually highlighted.167 

Although this method does not provide a quantitative value, it provides a qualitative 

approach to evaluate the presence of chiral features. 
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Figure 3.7 (a) Tomography reconstruction of a Au NP grown in an (R)-BINAMINE-

CTAC mixture, (b) 3D FFT pattern from which the inverse FFT was computed after 

segmentation, (c) Inverse FFT showing the areas of the particle with chiral features 

(pink) overlapped with the projection of the tomography, indicating a right-handed 

angle. The inset shows an example of right-handed helix.167 Adapted under the terms of 

the Science Journals Default License (Copyright © 2020 American Association for the 

Advancement of Science). 

To achieve the quantitative helicity analysis of chiral NPs, a methodology based on the 

geometrical properties of a helix was developed at EMAT.192 The basis of this method 

is strongly connected to the properties of a helix, corresponding to a central axis (z), the 

distance ρ between the helix and its central axis, and the angle of inclination α (Figure 

3.8a). By considering a helical shape as a composition of individual helices having the 

same helical axis, the quantification of helicity simplifies to detecting the sum of helices. 

Therefore, the analysis of the 3D reconstructions is initiated by the assignment of the 

helical axis that should pass through the center of mass of the studied NP. The described 

method suits better for elongated NPs, the helical axis is considered to be parallel to 

their longitudinal symmetry axis. After the central axis is found, a cylindrical coordinate 

system can be used, where helices around the z axis correspond to straight lines. The 

converting of a discrete voxel grid of an ET reconstruction from Cartesian (Figure 3.8b) 

to cylindrical coordinates (Figure 3.8c) enables the investigation of separate concentric 

cylindrical 2D sections at constant ρ (red voxels, Figure 3.8c).192 
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Figure 3.8  (a) A helix around the z-axis with radius ρ and inclination angle α; (b) a 

discrete voxel grid in Cartesian coordinates; and (c) a discrete voxel grid in cylindrical 

coordinates.192 Image is adapted from open access article distributed under the terms 

of the Creative Commons CC BY license (Copyright © 2022 American Chemical 

Society). 

In other words, an ET reconstruction of an elongated helical NP, can be “unwrapped” 

into cylindrical sections with certain distances (ρ) from the central axis (z), where each 

section can be considered as a sum of straight lines with certain inclination angles (α). 

As can be seen in case of a 3D model of a rod with a right-handed helical shell shown 

in Figure 3.9a, the preferred orientation of diagonal lines can be plotted and computed 

for different cylindrical sections through the model and further recombined into a 2D 

histogram (Figure 3.9b), which represents the radial spread and inclination degree of 

right- and left handed features (red and blue peaks). Figure 3.10c represents the helicity 

analysis of a ET reconstruction of the wrinkled chiral Au NP, where the interpretation 

of the directionally is more challenging due to the complex distribution of right- and 

left-handed features. To ensure an objective interpretation, the helicity function H(ρ,α) 

can be introduced as the difference between right- and left-handed bins in the 

directionality D(ρ,α): 

H(ρ, α) =  D(ρ, α) − D(ρ,−α)     (3.1) 

for  α ∈ [0°, 90°]. The total helicity parameter can be obtained by calculating the integral 

of the helicity function that can be useful to compare the degree of helicity for different 

NPs: 
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𝐻𝑡𝑜𝑡𝑎𝑙 = ∑ ∑ H(ρ, α)𝛥ρ𝛥ααρ      (3.2) 

with Htotal ∈ [−1,1] due to the normalization of the directionality. By obtaining a positive 

value of Htotal, the more abundant presence of right-handed features in the morphology 

of the studied NP can be quantitatively determined (Figure 3.9c). Thus, combination of 

the ET tomography of chiral NPs with the helicity analysis has proven itself to be a 

viable approach for the quantitative analysis of chiroptical properties. 

 

Figure 3.9  (a) A simulated helix with two of its cylindrical sections at ρ = 70 voxels 

and ρ = 85 voxels. The scale bars are 100 voxels wide. (b) Helicity function H(ρ,α) 

histogram and zoomed view (inset) of the peak corresponding to the helical shell of the 

model. (c) 3D color-coded volume renderings of the helicity maps for the chiral Au NP 

along with a plot of the corresponding helicity function H(ρ,α). The positive Htotal value 

is also indicated. Red indicates right-handed helical features, blue indicates left-

handedness.192 Image is adapted from open access article distributed under the terms of 

the Creative Commons CC BY license (Copyright © 2022 American Chemical Society).  
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3.4 Facet specific adsorption of chiral surfactants leading to 

chiral growth 

Despite the significant progress in the wet chemical synthesis of various chiral NPs and 

the quantitative analysis of their morphology and chiroptical properties, several 

questions on the growth mechanisms remain open. To be specific, a deeper 

understanding of the formation of twisted shapes is needed, especially the analysis of 

the intermediate stages and the influence of the seed faceting on the formation of 

specific chiral facets. For instance, in addition to the formation {321}R or {32-1}S chiral 

facets,178 the synthesis of chiral trisoctahedral Au NPs was reported, where the presence 

of L- of D-cysteine enantiomers leads to the formation of {15 -5 8}R or {-8 5 12}S chiral 

facets.193 Based on these results,  the conclusion regarding the potential diversity of 

{hkl} chiral facets (where h≠k≠l≠0) can be made, theoretically leading to a range of 

possible twisted morphologies. Additionally, the growth mechanism of micelle 

mediated growth of wrinkled NPs should be examined in more detail, e.g., the influence 

of the surface faceting of Au seeds on the adsorption of chiral micelles (e.g., 

BINAMIME-CTAC). Hereby, a thorough structural analysis of chiral seed-mediated 

growth should be further performed, which would allow for finer control over the 

chiroptical properties of both twisted and wrinkled systems. 

The morphology of symmetric achiral NPs has been studied extensively, where the 

conclusions of the surface faceting can be made based on SEM or 2D HAADF-STEM 

images (Figure 3.10), where the atomic resolution and zone axis imaging may not be 

even necessary.194–197 In contrast, the complex morphology of the intermediate products 

and final chiral NPs hinders the studies of the surface evolution during the chiral growth, 

due to, e.g., high curvature or irregularity of the surface. 



68 
 

 

Figure 3.10  HAADF-STEM image of cubic Au NPs along with the proposed  model, 

confined between six {100} facets.197 Adapted with permission from Nano Letters 

(Copyright © 2018 American Chemical Society). 

Given the highly asymmetric morphology of the studied Au NPs, where the reliable 3D 

information of sub-nm features or high-index faceting is required, advanced ET 

techniques should be implemented. In the next section I will describe several 

tomography approaches, that can provide us with the required information. For instance, 

intermediate structures obtained during the chiral growth can be examined in order to 

reveal the surface faceting of Au seeds and, thus, to make reliable conclusions on the 

interaction of the different facets with molecules of surfactant. 

3.5 Atomic resolution electron tomography 

In scenarios where a thorough investigation of sub-nm sized features or high-index 

surface facets is necessary, conventional ET techniques may fall short in providing 

satisfactory results. To overcome these limitations, it becomes imperative to enhance 

the quality of 3D reconstructions to attain atomic resolution. Remarkable progress has 

already been made in this area, with significant advancements achieved in pushing the 

resolution of 3D reconstructions to a level that allows for detailed insights into the 

atomic arrangement and structural characteristics of nanomaterials.198 

One example of investigation of the characterisation of the atomic structure in 3D is a 

methodology capable of retrieving atomic positions using a limited number of high-
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resolution HAADF-STEM images along the main crystallographic zone axis, using 

compressed sensing (Figure 3.11a).64 To obtain several in zone axis projections of a 

particle, a dual-axis tomography holder can be used, enabling the precise planar rotation 

of an in-zone axis NP so that one of its principal crystallographic directions coincides 

with the α rotation axis, that can be performed in ±75° range with maintained 

microscope resolution and specimen visibility (Figure 3.12). The in-zone axis 

projections of a NP collected in this manner can further serve as an input for compressed 

sensing reconstruction. This approach allows us to obtain more reliable atomic-scale 

reconstruction by exploiting the sparsity of the object (and its 3D reconstruction) as 

prior knowledge, assuming that only a limited number of voxels contain an atom and 

most voxels correspond to vacuum. This technique is particularly advantageous for 

nanostructures sensitive to the electron beam, as the number of atomic-resolution 

projection images required for obtaining the 3D atomic structure is minimal. 

Furthermore, without assuming the positions of the atoms during tomographic 

reconstruction, this technique enabled the investigation of strain in the atomic lattice in 

Au NR through the extension of Geometrical Phase Analysis (GPA) to 3D.64 However, 

acquiring a complete tomographic series at lower magnifications was still necessary to 

provide prior information on the morphology of the object. This step can be challenging 

for extremely beam-sensitive nanostructures, but advanced acquisition schemes such as 

fast tomography62 and TEM tomography199 can be advantageous for obtaining the 

required prior information. 

Another methodology has been utilized to retrieve the 3D atomic structure of a gold 

nanodecahedron (Figure 3.11b).66 In this case, atomic 3D reconstruction was obtained 

from a continuous tilt series of high-resolution images, assuming that the atomic 

potential could be modelled with 3D Gaussian spheres.66 Consequently, the coordinates 

of each atom in the object were directly retrieved along with the 3D atomic structure, 

enabling the determination of 3D displacement maps for strain analysis. This technique 

does not make assumptions about the crystal lattice of the object under investigation but 

involves higher computational costs and complexity. 
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Figure 3.11 (a) Orthoslices through the 3D reconstruction of Au NP.64 Reproduced with 

permission from Springer Nature (Copyright © 2012, Springer Nature Limited). (b) 

Front and side view of the 3D reconstruction of PT Au NP.66 Image is adapted from 

open access article distributed under the terms of the Creative Commons CC BY license 

(Copyright © 2015 American Chemical Society). 

 

Figure 3.12 Fischione 2040 dual-axis tomography holder. Dashed arrow represents the 

wire that drives the 360° planar rotation of the grid (black solid arrow), maintaining the 

eccentricity and maximizing the specimen visibility. 

 

Additionally, for nanomaterials with unknown defects, determining prior information 

can be challenging. Consequently, state-of-the-art atomic-level ET techniques cannot 

be routinely applied to characterize nanomaterials containing unknown structural 

defects. Supported by a Convolutional Neural Network (CNN)-based methodology 

developed at EMAT,200 the quality of data can be augmented, providing the better input 

(e.g., SNR) for the following reconstruction. This 12-layered CNN is trained using 

several HAADF-STEM images with and without known distortions, which allows one 

to minimize the effects of e.g. scanning distortions, x/y jitter, dead pixels, saturation 
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account and thermal noise.200 In experimental data, scanning distortions are typically 

the most profound distortions that are highly correlated along a fast-scan row, but far 

more varying between rows (in the slow-scan direction).201 These distortions become 

worse with slower scans (longer total frame time) or faster stage drift.201 To avoid this 

limitation and to ensure that the image distortions are sufficiently isotropic and unbiased 

repeated fast imaging is preferred over fewer slow frames.200,201 Lower SNR of 

individual fast-scanning images in this case can be compensated by acquiring multiple 

consecutive images, followed by averaging between the acquired images based on  

rigid202 or non-rigid registration.201 To illustrate the effect of the image restoration using 

the described CNN, Figure 3.13 shows a single HAADF-STEM frame before and after 

the image restoration. It is essential to note that the utilization of neural networks in 

image restoration can potentially introduce artifacts. Therefore, careful analysis is 

necessary to prevent such artifacts from being introduced. A comprehensive comparison 

in high-resolution ET tomography between reconstructions obtained from raw and 

restored projections is advisable to ensure, for instance, that no atoms were introduced 

or lost during the restoration procedure. 

 

Figure 3.13 High resolution HAADF-STEM image of the Au@Ag NR (a) before and 

(b) after the image restoration through the CNN. 
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In the process of data alignment, the first step involves aligning the individual 

projections using cross-correlation method as described before. Following this, the 

alignment of the tilt axis is carried out using a specific approach: a reconstruction is 

created, and forward projections are calculated based on it. The next step involves 

computing the reprojection error, which is the mean square error between the acquired 

images and the corresponding forward projections. This process is repeated for various 

horizontal tilt axis offsets, and the offset yielding the lowest error is selected as the 

optimal alignment. Additionally, similar steps are taken for the rotation of the tilt axis, 

which involves collective in-plane rotations of the images. After the tilt series are 

aligned, atomic resolution 3D reconstruction is carried out using a conventional SIRT 

algorithm. Additionally, constraints are imposed on the grey levels in both real and 

reciprocal spaces within the acquired 3D volume resulting from each SIRT 

iteration.203,204 Following this, to prevent alterations to the values of individual voxels 

during Fourier space filtering, a normalization step is executed, utilizing one projection 

image as a reference. This approach enabled the atomic structure of nanomaterials to be 

obtained without any prior knowledge of the material's structure.200 The schematic 

representation of this technique is shown in Figure 3.14. An additional advantage of this 

technique is that the acquisition of zone axis projections is not necessary to provide the 

reconstruction of sufficient quality. Although the presence of precisely oriented zone-

axis images increases the quality of the reconstruction, near-zone axis projections are 

likely to be found and acquired in typical tilting range of ±75°, that can ensure the 

atomic resolution in the resulting 3D reconstruction. 
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Figure 3.14 The schematic of atomic resolution 3D reconstruction algorithm. 

Special attention must be paid during the selection of the experimental parameters 

during high resolution HAADF-STEM tomography acquisition. To ensure the 

collection of projections revealing atomic features, the highest feasible resolution and 

sufficient magnification (≥1Mx) should be employed for image registration. However, 

it is essential to consider that at high magnifications, the field of view is limited by the 

number of pixels in each image. For example, the Thermo Fisher Scientific Themis Z 

electron microscope at 1.8 Mx magnification can only capture a region of 52-by-52 nm 

(2048x2048 pixels). Consequently, the study of NPs larger than a certain size may 

become unfeasible via atomic resolution tomography. In such cases, one may be limited 

to studying only specific parts of larger particles, such as the tips of elongated NPs, or 

alternatively, larger image sizes can be employed (e.g., 4096x4096 pixels). In addition, 

it is crucial to consider the focal depth of the convergent electron beam to ensure that 

the entire thickness of the studied particle remains in optimal focus. The focal depth (in 

nm) of the convergent electron beam in HAADF-STEM is described by the following 

equation: 

𝐹𝑜𝑐𝑎𝑙 𝑑𝑒𝑝𝑡ℎ = 1.77 ∗
λ

α2
         (3.3), 
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where λ represents the wavelength of the incident electron beam measured in pm, and 

α denotes the convergent semi-angle of the incident electron beam given in mrad.205 For 

instance, for an accelerating voltage of 300 kV and a convergent semi-angle of 20 mrad, 

the depth of focus would be approximately 8.7 nm, setting the limit for the maximum 

thickness of the NPs that can be studied effectively. 

To achieve a reliable (atomic) reconstruction, all the factors mentioned earlier should 

be carefully considered, in addition to the stability of the NP under electron beam 

exposure. To validate whether the NP remains intact and does not experience 

degradation or alterations in orientation during the tilt series acquisition, it is essential 

to acquire images both before and after the ET experiment (for more detail see Section 

6.2). This practice allows for the observation of any potential morphological changes 

that might have occurred during the course of the experiment. By comparing pre- and 

post-ET images, a researcher can ascertain the structural stability of the NP and make 

credible conclusions regarding the reliability of the reconstruction. 

In this work, I employed atomic resolution tomography to investigate the high index 

facets of intermediate Au chiral NPs, revealing facet-dependent adsorption of cysteine 

molecules on the surface of Au seed. These results will be explained in more detail in 

Chapter 4. In addition, the CNN-assisted reconstruction method also allowed me to 

visualise the ~2 nm thin Pd layer between the seed (core) and helical features within the 

wrinkled Au NPs, described in Chapter 5. 

3.6 Combined HAADF-STEM and ED tomography 

In cases where the studied particle size is relatively large, high-magnification studies of 

the entire particle or its part at atomic resolution might not be feasible. To be more 

specific, when the dimensions of the studied (chiral) NP exceed 20 nm, the typical focal 

depth and field of view are not sufficient for capturing tilt series data at atomic 

resolution. This situation commonly arises in the production of highly asymmetric chiral 

nanoparticles, where the size or thickness of the specimen can extend up to 100 nm.167,181 

In such situations, possessing knowledge of the true crystallographic orientation of the 
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3D object becomes crucial, as it allows for precise rotations to specific angles where 

structural features can be clearly attributed to particular facets or orientations. In such 

situations, a combination of conventional ET with electron diffraction tomography (3D-

ED) can be employed. This approach provides information on surface features (facets) 

and crystallography simultaneously, enabling the investigation of initial, intermediate, 

and final structures of different NPs synthesized under various conditions. 

With 3D-ED the 3D reciprocal space of a single crystal is reconstructed by tilting the 

crystal along one axis using an equidistant small step size (e.g. 1°) and acquiring an off-

zone diffraction pattern at every step (Figure 3.15).206,207 The position and amplitude of 

each reflection in this 3D reciprocal space is extracted and used for crystal structure and 

crystallographic directions determination. At every step, it should be checked if the 

same area of interest is illuminated to get only information of the same area. 

Reconstructions of obtained tilt series are performed in Pets2.0 software, that allows 

one to routinely perform step-by-step 3D ED reconstruction, where such steps as peak 

positions determination, refinement of the rotation axis, extractions of intensities can be 

performed automatically.68 

 

Figure 3.15 Schematics of the principle of electron diffraction tomography.208 

Reproduced with permission from the American Chemical Society (Copyright © 2018 

American Chemical Society). 
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In this thesis, I implement the combination of ET and electron diffraction tomography 

to study the complex surface of the chiral Au NPs. More precisely, the ability to rotate 

the studied particle precisely along certain crystallographic directions allowed me to 

draw conclusions on the high-order surface faceting of the Au seeds during chiral 

overgrowth and therefore, to confirm the facet-dependent adsorption of chiral inducing 

surfactants. The insights gained in this manner contribute to a deeper understanding of 

the mechanisms involved in chiral growth and will be described in Chapter 6 in more 

detail. In addition, I will provide the technical details of combined ET and 3D-ED 

methodology. 

3.7 Different conventions for determining the handedness and 

types of chirality 

Given the different conventions, used in the field of chirality studies, great care should 

be taken when working with dissymmetric systems. For example, the opposite 

handedness values of the circularly polarized light can be assigned by using two 

opposite conventions: from the point of view of the source (typically used in engineering 

community)209 and from the point of view of the receiver (used in IUPAC).210 Also, 

additional confusion may be caused by the switch between R/S (rectus and sinister, right 

and left) and D/L (dextro and levo, right and left). These notations correspond to 

absolute and relative configurations, where the chirality is determined by arrangement 

of different radical groups around the chiral center, since amino acids may contain 

different constituent element and radicals (-NH2, -COOH, -CH2-OH, -H, etc). 

Consequently, R-cysteine correspond to the L-chirality, whereas the other R-aminoacids 

correspond to the D-form (except achiral molecule of glycine). 

An additional potential source of confusion arises from the differences in 3D data 

representation among various software applications. For instance, while most 3D 

visualization and processing applications (such as Amira, Blender, Microsoft Paint 3D, 

CAD) adopt the (x, y, z) convention for datasets, 'volshow ' function used in MATLAB 

(a software specialized in matrix operations) employs a different convention with the y-

axis flipped (x, -y, z). Consequently, performing visualization of the datasets in different 
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software applications can introduce the errors in the analysis of the handedness of the 

studied object (Figure 3.16). To ensure reliable 3D reconstructions, great care should be 

taken to verify that data are not flipped at any stage of ET reconstruction. Initially, 

HAADF-STEM projections should accurately correspond to the actual position and 

shape of the studied objects, which can be assessed using an asymmetric grid. Figure 

3.17 demonstrates that the top view onto the grid matches the HAADF-STEM image 

obtained from the same grid. Given the potential sources of confusion, it is crucial to 

meticulously verify the ET results and conventions used at each stage of the 

reconstruction, especially when providing the 3D reconstruction as an output for 

electromagnetic modeling of optical properties, for instance. 

 

Figure 3.16 The representation of the ET reconstruction in different software 

applications. It should be noted that MATLAB software shows the opposite handedness 

to other programs. 

 

Figure 3.17 The top view onto the lamella grid made in light microscope (left panel) 

and in STEM (right panel). 
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Chapter 4. Mechanisms of cysteine mediated 

chiral growth on single-crystalline and 

pentatwinned Au seeds  

This chapter is based on: 

Ni B., Mychinko M., Gómez-Graña S., Morales-Vidal J., Obelleiro-Liz M., Heyvaert 

W., Vila-Liarte D., Zhuo X., Albrecht W., Zheng G., González-Rubio G., Taboada J.M., 

Obelleiro F., López N., Pérez-Juste J., Pastoriza-Santos I., Cölfen H., Bals S., and Liz-

Marzán L.M., Chiral Seeded Growth of Gold Nanorods Into Fourfold Twisted 

Nanoparticles with Plasmonic Optical Activity, Adv. Mater. 2023, 35, 2208299.  

DOI: 10.1002/adma.202208299 

Synthesis of the samples was carried out at CIC BiomaGUNE in Donostia-San 

Sebastián, Spain; at the University of Konstanz, Physical Chemistry Department in 

Konstanz, Germany; and at University of Vigo, Department of Physical Chemistry in 

Vigo, Spain. 

Density functional theory (DFT) calculations were performed at the Institute of 

Chemical Research of Catalonia in Tarragona, Spain. 

Electromagnetic modelling of optical properties was performed at the Department of 

Sustainable Energy Materials, AMOLF in Amsterdam, Netherlands and at 

EM3WORKS, Spin-off of the University of Vigo and the University of Extremadura, 

Spain. 

TEM characterization was carried out at the research group for electron microscopy for 

materials science (EMAT) at the University of Antwerp. I was responsible for all TEM 

acquisition, ET reconstructions and analysis. Helicity analysis was performed by W. 

Heyvaert.  
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This study aimed to validate the hypothesis that various high-index facets can serve as 

the starting point for chiral crystal growth of Au NPs (Sections 3.1, 3.4). Furthermore, 

in contrast to previous findings involving cube-like structures,211,212 this study was 

focused on rod-like structures. These rod-like structures exhibit helical features and, 

consequently, chiroptical properties that can be theoretically adjusted by, for example, 

varying the AR of the resulting chiral Au NRs. Specifically, enantiomers of cysteine 

(Cys) were used as a chiral inducer to generate elongated twisted Au NPs with strong 

chiroptical properties. Given the complex resulting morphology, HAADF-STEM 

tomography was essential for examining the morphology of the synthesized chiral NPs 

and confirming their helical structure. Moreover, a thorough investigation into the 

mechanism of chiral growth was carried out. To be more precise, the proposed facet-

dependent adsorption of chiral inducer molecules was substantiated through meticulous 

analysis of the initial and intermediate Au structures formed during the synthesis. This 

analysis was made possible by implementing atomic resolution ET, which provided 

insights into the formation of {520} facets during the cysteine-assisted chiral growth of 

elongated SC Au NPs. These {520} facets can subsequently serve as the starting point 

for the formation of {521} chiral facets. The results obtained from atomic resolution ET 

were further corroborated by DFT calculations, demonstrating the preferential 

adsorption of cysteine on the {520} facets rather than on low-index achiral facets. 

4.1 Synthesis of fourfold twisted Au nanoparticles 

Inspired by the dissymmetric growth of cubic Au NPs,213 the potential use of Cys as a 

chiral ligand to direct dissymmetric growth on pre-formed Au NRs is investigated. As 

described elsewhere, a single-crystalline Au NR ideally has a 4/mmm symmetry.64,215 A 

similar transformation as that described in Figure 4.1a for nanocubes, can be expected 

to lead to twisted rodlike structures, which should have different structural features 

(Figure 4.1b). It should be emphasized, that during the transformation from achiral to 

chiral structures only rotational axis symmetry operations can remain, such as the 2-fold 

and 4-fold rotation axes (illustrated as C2 and C4 in Figure 4.1). Simultaneously, 

symmetry planes (2/m and 4/m in Figure 4.1) must vanish during the transition to chiral 
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structures. This is due to the inherent absence of mirror symmetry in chiral/helical 

structures, as discussed in Section 1.2. 

 

Figure 4.1 Symmetry analysis of different NP morphologies, where the main symmetry 

elements (rotation axes and mirror planes) are labelled. a) According to the Hermann–

Mauguin notation, a cubic shape has symmetry of 
4

𝑚
4

2

𝑚
. When all mirror planes are 

removed, a 432 symmetry is obtained. b) The single crystal Au NR in this image (with 

octagonal cross-section) has a symmetry of 4/mmm. The rod axis is along the <001> 

direction, and therefore only C4 symmetry can be found in the primary direction. When 

all mirror planes are removed from the 4/mmm symmetry, a 422 symmetry may be 

obtained, as in the twisted rod. 

The selected growth conditions in this study were similar to those typically used in the 

standard seed-mediated growth of Au NRs.179 By controlling the growth parameters, 

NRs with a twisted morphology and high chiral optical activity were obtained. Although 

twisted Au NRs can be readily obtained through a single seeded-growth step, both 

morphological and optical chirality were significantly enhanced by implementing a 

multistep protocol involving repeated additions of the metal precursor in small aliquots. 
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The morphology could be additionally tuned through variations in Cys concentration, 

and growth temperature, as well as through the size and aspect ratio of the Au NR seeds. 

Preliminary 2D HAADF-STEM analysis shows the formation of twisted structures upon 

successive HAuCl4 additions in presence of L-Cys (Figure 4.2). HAADF-STEM images 

show an initial increase of rod width and sharpening of tip corners after the first HAuCl4 

additions (Figure 4.4b,c), whereas twisted structures became apparent after 5 HAuCl4 

additions (Figure 4.2d) and subsequent additions reinforced the twisted appearance of 

the obtained NPs (Figure 4.2e–g). Apparently, similar twisted structures were obtained 

by using D-Cys as the chiral inducer (Figure 4.3). The obtained results allows us to 

measure the size and AR changes, which was confirmed with Vis-NIR spectroscopy 

measurements of synthesized samples. 

It should be noted, however, that given the complex morphology, one cannot conclude 

on the actual shape and, therefore, handedness of the studied particles based only on 2D 

HAADF-STEM images. To obtain reliable information about the 3D shape of twisted 

Au NPs, which can be also used as input for the analysis of chiroptical properties, ET 

in HAADF-STEM mode is performed (inset in Figure 4.2g). The experimental 

conditions for electron ET acquisition are detailed in Table 4.1. These conditions were 

carefully chosen to attain an optimal balance between resolution, acquisition time, 

electron dose, and mass-thickness contrast. Additionally, the obtained 3D information 

can be directly used for the helicity analysis, explained in more detail in Section 3.5. 

The helicity measurements obtained with this approach can be subsequently correlated 

to CD spectroscopy measurements, where opposite CD signs were obtained for the 

samples produced either with L or D-Cys. 
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Figure 4.2 Evolution of twisted morphology during Au NR growth with an L-Cys 

concentration of 75 nM. a) STEM image of Au NRs used as seeds. b–f) HAADF-STEM 

images of the products after 1 (b), 3 (c), 5 (d), 7 (e), and 9 (f) HAuCl4 additions. g) Low-

magnification HAADF-STEM image of twisted Au NRs obtained after 9 HAuCl4 

additions. The inset shows the electron tomography reconstruction of a single chiral Au 

NR. Scale bars: 50 nm (a–f) and 500 nm (g). 

 

Figure 4.3 Representative STEM images, at different magnifications, of 4-fold twisted 

Au NRs grown using D-Cys (75 nM) as the chiral inducer. 
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Table 4.1 Overview of the experimental parameters used for the investigation of chiral 

NPs, shown in Figure 4.2g. 

Sample preparation Drop casting of the aqueous solution 

TEM grids Conventional carbon coated Cu grids 

TEM Thermo Fisher Scientific Themis Z 

Voltage 300 kV  

Imaging mode HAADF-STEM (1024x1024) 

Detector collection angle 50 – 200 mrad 

Magnification 320 kx 

Screen current 50 pA 

Sample holder Fischione 2022 tomography holder 

Angular range/increment -75° : 3° : 75° (51 projections) 

 

The helicity analysis, described in Section 3.3, is employed to quantify the total helicity 

from electron tomography reconstructions and thereby gain insight into the chiral nature 

of nanoparticles (Figure 4.4).193 As expected, the results show mainly right-handed 

structures, with only one exception among 10 randomly selected NRs. The helicity of 

these particles is described by steep helical features, as indicated by helical inclination 

angles between 45 and 90°. The 3D reconstructions revealed a fourfold twisted structure 

along the NR length (Figure 4.5), in which 4 tilted ridges are obvious. If the surface 

roughness is not considered, this particle can be described by an ideal model that 

features a 422 symmetry (Figure 4.1b). It should be noted that no helicity was observed 

closer than 20 nm to the helical axis, which demonstrates that the cores are not helical. 

Therefore, it can be concluded that the observed right-handed helicity originates from 

the 4 tilted ridges, ensuring the local helicity of the studied samples (i.e., helicity within 

each individual NPs). The 3D objects retrieved from electron tomography 

reconstructions are reliable models that can be used directly as the input morphologies 

for detailed electromagnetic simulations based on the boundary element method.216 In 

this manner, the simulated g-factor plots for several tomography reconstructions 
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supported the hypothesis that the twisted structure is responsible for the recorded optical 

activity. 

 

Figure 4.4 Geometrical helicity analysis of the twisted Au NP obtained with L-cysteine. 

The helicity function and total helicity derived from tomography reconstructions of 10 

randomly selected NRs are plotted. Individual reconstructions corresponding to each 

result are shown as insets. The color bar indicates righthanded (red) and left-handed 

(blue) signals. Most particles exhibit a right-handed helical signal, with steep inclination 

angles 𝛼 between 45° and 90°, accompanied by a positive (right-handed) total helicity 

𝐻tot. Only one particle was found to have negative total helicity, which can be attributed 

to lack of perfect uniformity in the sample. 

 

Figure 4.5 3D render of the ET reconstruction: snapshots of the twisted Au NP taken at 

different rotation angles (vertical axis). Scalebar is 50 nm. 

Prior to the facet analysis of the intermediate stages, which could explain the mechanism 

of the Cys-mediated chiral growth, the crystallinity of the studied particles should be 
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examined. First, the absence of crystal defects should be proven to eliminate the 

influence of the alternative sources that could result in the observed chirality of the 

produced particles. For instance, the formation of spiral Au nanostructures was shown 

to occur due to sequentially occurring symmetry-breaking events, e.g. the formation of 

stacking faults (planar defects).217 Secondly, the single-crystalline structure of the 

twisted NPs can serve as an additional proof that the synthesis of an individual NP 

proceeds through the seed-mediated growth, where the chirality cannot be caused, for 

instance, by specific agglomeration of several seeds or intermediate products. By 

acquiring the high resolution HAADF-STEM images with ronchigrams from different 

parts (similar to Convergence Beam Electron Diffraction, CBED) of the same particle, 

the single-crystalline nature of the studied particles is confirmed, where no indication 

of linear or planar defects was observed, as shown in Figure 4.6. 

 

Figure 4.6 HAADF-STEM image of the twisted Au NP taken [100]. HR insets show 

the identical atomic arrangement at the different sides of the particle. (1-3) The 

ronchigrams on the right are taken from the beam positions indicated by black circles 

and show the identical Kikuchi pattern, corresponding to [100] zone axis. 
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Upon closer examination of the twisted structures formed upon successive HAuCl4 

additions (Figure 4.2b-d), the presence of twin boundaries within their structure 

becomes evident even in HAADF-STEM regime, where the contribution of strong 

diffraction contrast can be seen at high detector collection angles when using smaller 

camera lengths (Figure 4.7a-c, marked by white arrows). It is noteworthy that single and 

multi-step twin boundaries can occur irregularly, and they may be found at one or both 

tips of the chiral NPs. Additionally, it should be mentioned that the overall morphology 

of particles containing twin boundaries appears similar to "single-crystalline" NPs. 

Interestingly, the chirality of the final products of the chiral growth remains preserved 

even in cases where twin boundaries are not observed (Figure 4.6). From these 

observations, it can be inferred that the presence of twin boundaries does not 

significantly influence the formation of twisted structures. However, the occurrence of 

twins on the most densely packed {111} planes in <110> directions within the fcc lattice 

of Au218 can be considered as evidence of fast crystal growth along the corresponding 

directions,219 responsible for the formation of 4-fold spike arrangement at the both tips. 

Notably, within the studied samples, it was observed that certain particles exhibited one 

or more prominently pronounced branches, in contrast to their counterparts, which 

displayed comparatively smoother surface characteristics. (Figure 4.7d). 
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Figure 4.7 HAADF-STEM images of the products obtained during Au NR growth with 

an L-Cys concentration of 75 nM after 1 (a), 3 (b), 5 (c) HAuCl4 additions. (d) HAADF-

STEM image indicating the simultaneous presence of relatively smooth and spikey 

particles within the same sample (75 nM L-Cys, 1 HAuCl4 addition). White arrows 

indicate the presence of twin defects. Scare bars are 20 nm. 

To confirm whether the observed branches are grown due to the TB formation, 

Multimode ET (described in more detail in Section 2.4.1, experimental parameters are 

shown in Table 4.2)220 was implemented to study the branched NP in both HAADF and 

LAADF regimes (Figure 4.8a,b). Indeed, the diffraction contrast corresponding to twin 

boundaries can be seen from LAADF-STEM projections (Figure 4.8b, white arrows). 

After the full tilt series were acquired in both regimes simultaneously, SIRT 

reconstruction was performed based on the thickness contrast, obtained from HAADF 

data (Figure 4.8c). The positions of TB was determined by the manual segmentation of 

LAADF-STEM reconstruction and shown to be in the base of branched feature at the 

tips and within its volume (Figure 4.8d). The provided results support the hypothesis on 
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the TB-induced nature of irregular branched features at the tips of the investigate NPs, 

that, however, are not responsible for the final chiral morphology. 

Table 4.2 Overview of the experimental parameters used for the investigation of chiral 

Au NPs, shown in Figure 4.9. 

Sample preparation Drop casting of the aqueous solution 

TEM grids Conventional carbon coated Cu grids 

TEM Thermo Fisher Scientific Themis Z 

Voltage 300 kV 

Imaging mode HAADF-STEM LAADF-STEM 

Detector collection angle 100 – 200 mrad 13 – 26 mrad 

Magnification 640 kx 

Screen current 50 pA 

Sample holder Fischione 2022 tomography holder 

Angular range/increment -75° : 3° : 75° (51 projections) 
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Figure 4.8 (a,b) HAADF and LAADF-STEM projections of the chiral Au NP (75 nM 

L-Cys, 1 HAuCl4 addition). White arrows show the positions of TBs; (c) 3D render of 

the HAADF-STEM reconstruction; (d) the segmented TBs (light-yellow), obtained 

from 3D LAADF-STEM reconstructions superimposed with the volume shown in (c). 

An additional ET analysis (same experimental conditions as in Table 4.1) was carried 

out for Au NPs obtained with racemic D/L-Cys mixture as the additive in the growth 

solution (Figure 4.9a). The resulting products also show preferential growth at tips and 

caves at the sides (Figure 4.9b). In addition, achiral 4/mmm symmetry is apparent from 

electron tomography analysis, which is consistent with noise-level circular dichroism 

spectra (Figure 4.9c). Based on these results, it can be concluded that using an achiral 

racemic D/L-Cys mixture as co-surfactant results in the achiral morphology of 

synthesized Au NPs (Figure 4.9d). This fact can serve as an additional indirect proof of 

the selective adsorption of D- and L-Cys molecules on corresponding chiral facets 

forming during the crystal growth and, thus, resulting in final morphologies. In the case 

of a racemic mixture where both enantiomers are present in equal concentrations, there 

is no preferential growth of either left or right-handed features.  
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Figure 4.9 (a) HAADF-STEM image and (b) ET reconstruction of a NP obtained by 

the multi-step seeded-growth in the presence of a racemic mixture of D-Cys and L-Cys. 

(c) Optical activity (g-factor) and UV-Vis-NIR spectra for Au NRs obtained with 

different D/L-Cys concentrations. (d) The idealized the particle with a 4/mmm 

symmetry. 

4.2 The mechanism of chiral growth via the structural 

investigation of intermediate structures 

Given the expected formation of high index facets and, thus, final twisted morphology, 

the analysis of 2D projections or “low” resolution 3D reconstructions is not sufficient 

to determine the order of surface faceting. In this case, the 3D information with atomic 

resolution is necessary to analyse highly asymmetric arrangement of surface atoms. To 

obtain such information, I hereby implemented HR tomography that enables accurate 

determination of low and high index surface faceting of initial and intermediate Au NPs, 

that will be further used for the analysis of  the interaction of chiral molecules with the 

surface of the studied NPs. Due to the relatively large particle size and complex twisted 

morphology of the obtained nanostructures, it is not straightforward to determine the 

local crystallographic nature of their surface facets. Therefore, the structures at early 
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stages, such as the seeds (Figure 4.2a) and the samples obtained after the first chiral 

growth step (Figure 4.2b), were selected for careful ET analysis. 

It should be noted, that initial Au NRs undergo noticeable shape deformation after long 

beam exposure, which hinders the acquisition of full tomography dataset (e.g., in  

angular range of ±75° with 2° tilt step). Figure 4.10 exhibits a significant deformation 

of the Au NR following the completion of the entire ET experiment, which may be 

attributed to beam-induced surface diffusion of Au atoms. This deformation can 

potentially modify the morphology of the investigated NP, leading to unreliable 

conclusions regarding its surface faceting. To address this issue, alternative ET 

techniques based on lower electron doses were considered, as they may mitigate the 

observed deformation and provide more accurate surface information. 

 

Figure 4.10 0° HAADF-STEM projections, taken before and after the full tilt series 

acquisition (in  angular range of ±75° with 2° tilt step, 76 projections in total). 

Therefore, to avoid the morphological transformations of the studied particle during the 

tomography experiment the total electron dose should be significantly reduced. To 

achieve this goal, compressive sensing 3D reconstruction221 was performed based on a 

limited set of zone axis projections (see the detailed description in Section 3.5). For the 

studied NP, only three zone axis projections were acquired along the [100], [110] and 

[010] orientations (Experimental conditions are shown in Table 4.3). To ensure the 

ability to achieve several zone axis projections of the same particle, a dual axis 
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tomography holder was used (see Table 4.3). The 3D reconstruction results suggest that 

the initial Au NRs used as seeds are enclosed by {111}, {110}, and {100} facets at the 

tips, whereas the lateral facets are a mixture of different facets resulting in rounded rods 

(Figure 4.11). The presence of {111} facets is in agreement with the previous 

conclusion, based on the formation of irregular TBs during the chiral growth (Figure 

4.7). To reduce the missing wedge caused by a high amount of missing data, a full tilt-

series acquisition at “low”-resolution was performed for the same particles (similar to 

the magnification shown in Figure 4.9) and further implemented in compressed sensing 

reconstruction.64 However, during the acquisition of tilt series for the studied Au NR 

taken in ±75° with 3° increment, change of the surface morphology of the studied 

particle was observed (Figure 4.12). Thus, the obtained “low”-resolution reconstruction 

cannot be used as a reliable volume input for the compressed sensing algorithm. This 

limitation hampered the reduction of the large missing wedge artifact in the resulting 

HR reconstruction. 

Table 4.3 Overview of the experimental parameters used for the investigation of Au 

NR, shown in Figure 4.10. 

Sample preparation Drop casting of the aqueous solution 

TEM grids Conventional carbon coated Cu grids 

TEM Thermo Fisher QU-Ant-EM 

Voltage 300 kV 

Imaging mode HAADF-STEM (2048x2048) 

Detector collection angle 50 – 200 mrad 

Magnification 2.55 Mx 

Spatial resolution 70 pm 

Screen current 50 pA 

Sample holder Fischione 2040 dual-axis tomography holder 
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Figure 4.11 Atomic resolution analysis of the initial Au NR seed. (a) In zone axis 

HAADF-STEM projection (0°). (b) A snapshot of the tomography reconstruction along 

the 0° direction. (c) FFT taken along 0° projection. (d-f) Oblique slices through the 3D 

reconstruction, parallel to the rotation axis and taken from the middle of the NP. 

 

Figure 4.12 Atomic resolution HAADF-STEM images of Au NR seed shown in Figure 

4.10: (a) [110] projection taken (a) before and (c) after the acquisition of high and low 

resolution tilt series. White arrows represent the altered thickness of the samples, 

whereas the white rectangles highlight the difference between {111} facets at the tip. 

These morphological changes confirm the low stability of the studied Au NR under the 

long electron beam exposure. 
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After the information about the surface faceting of the initial seeds was obtained, the 

analysis of NPs after the first growth step was performed. In this case, the stability of 

the NPs under the electron beam exposure was significantly higher and no indication of 

reshaping or internal deformation was found. This is related to the formation of rigid C 

layer on the surface on the studied NPs, originated due to the pyrolysis of remaining 

surfactants (Cys, CTAC) under the electron beam irradiation (Figure 4.13). It was 

previously already shown that the formation of protective C layer significantly improves 

the thermal stability of Au NRs.222  

 

Figure 4.13 LAADF-STEM projections of chiral Au NP (a) before and (b) after the tilt-

series acquisition, showing the formation of C layer at the surface. 

Thus, HR tomography of the NP after the first growth step is performed using a single 

tilt tomography holder, and continuous tilt series were acquired over ±75° with 2° tilt 

step (all experimental parameters can be found in Table 4.4). 3D reconstruction is 

performed using the CNN-supported method described in Section 3.5,201 and the 

obtained result indicates that the exposed facets changes drastically (Figure 4.14). 

Accurately analyzing the surface facets of a particle can be achieved by rotating the 

particle to a zone-axis direction, carefully chosen so that the facet of interest aligns 

parallel to the direction of view. This approach allows us to measure the orientation of 

the specific facet in relation to known facets. For example, when observing along the 

[100] direction, the crystallographic angle between (010) and (025) facets in the face-

centered cubic (fcc) lattice of gold (Au) is equal to  21.8°. This type of analysis is 
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feasible when the rotation to arbitrary crystallographic orientations is possible, coupled 

with the ability to precisely visualize the surface of the particle. This underscores the 

significance of atomic resolution ET, as it provides information about the orientation of 

the NPs and the actual atomic arrangement at the surface. As an example, this analysis 

was conducted along the [100] direction, where two flat surfaces parallel to the viewing 

direction were observed on either side of the NP's tip (as depicted in Figure 4.14a and 

c). Based on the atomic arrangement, the (010) facet was determined to be oriented 

vertically and at an approximate angle of ~22° relative to its neighboring facet, which 

was consequently assigned as (025). By analysing different orthoslices through the 3D 

reconstruction of the structure obtained after one growth step, we conclude that the 

lateral facets correspond to {110} planes, in agreement with the fourfold symmetry of 

the final products. Moreover, there are 8 (520) facets at each tip (4 bigger facets closer 

to the lateral sides, 4 smaller facets at the very tip). The 4 protrusions at each tip coincide 

with the [111] direction and are limited by the {520}-like facets. After subsequent 

growth steps, these structures would evolve into fourfold twisted structures. 
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Figure 4.14 Atomic-resolution ET characterization of an Au NR obtained after one 

chiral growth step. (a,b) HAADF-STEM projections taken along [100] and [110] 

directions. Magnified regions showing atomic columns and corresponding Fourier 

transform patterns are presented as insets and indexed according to the Au fcc lattice. 

The white lines indicate the expected position of {010} and {520} types of facets 

(perpendicular to the projection plane). (c,d) Visualization of the 3D reconstruction, 

taken along the indicated orientations. The white dashed lines indicate the position of 

{520} facets. All scale bars are 10 nm. 
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Table 4.4 Overview of the experimental parameters used for the investigation of Au 

NP, shown in Figure 4.13. 

Sample preparation Drop casting of the aqueous solution 

TEM grids Conventional carbon coated Cu grids 

TEM Thermo Fisher Scientific Themis Z 

Voltage 300 kV 

Imaging mode HAADF-STEM (2048x2048) 

Detector collection angle 50 – 200 mrad 

Magnification 1.8 Mx 

Spatial resolution 60 pm 

Screen current 50 pA 

Sample holder Fischione 2022 tomography holder 

Angular range/increment -75° : 2° : 75° (76 projections) 

 

This shape is used as the intermediate structure to understand how the mirror planes of 

the particle can be removed. Similar to the Au NR seed, as discussed above and 

presented in Figure 4.1b, the intermediate structure showed a symmetry close to 

4/mmm, whereas the idealized twisted NR has a symmetry of 422. The transition from 

4/mmm to 422, implying the removal of mirror symmetry, can be hypothesized to occur 

through the enantioselective development of chiral facets. As proposed by Sholl et al., 

chiral facets are high-index facets with Miller indices such that h ≠ k ≠ l and h × k × l ≠ 

0, in an fcc lattice.223 Such chiral facets, e.g., (521)S planes, can be theoretically seen as 

a combination of lower microfacets or terraces, and their handedness (R- or S-type facet) 

is decided by their arrangement.224 Moreover, chirality at the atomic level could help 

remove the mirror planes of the particle at the nanoscale. Since the {521} facets are 

quite close to the {520} facets, here the chiral {521} facets are used as an example to 

illustrate how to achieve the symmetry descent from 4/mmm to 422. In the NR obtained 

after the first growth step, the four achiral {520} facets at the tips closer to the lateral 

sides can evolve into chiral {521} facets. Each achiral facet would equally diverge into 

one R and one S facet if the growth is not enantioselective, thereby leading to achiral 
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particles with a 4/mmm symmetry (Figure 4.15). However, if the process is 

enantioselective, the overexpression of R or S facets would help remove the mirror 

planes of the particle to obtain a 422 symmetry. The reason behind enantioselectivity 

appears thus to be related to the preferential binding of Cys molecules, which may 

promote the growth of one of the enantiomeric facets, for example, (521)S versus 

(52−1)R.  

 

Figure 4.15 Schematic representation of enantioselective (using D- or L-cysteine) and 

non-enantioselective (using racemic D/L-cysteine) structural evolution of an Au NR 

after the first growth step. 

To support this hypothesis, DFT simulations225 were employed to investigate the role of 

Cys in the symmetry descent of Au NRs during seeded growth. Based on the results of 

the ET tomography, this studies were concentrated on the configurational space of 

adsorbed L-Cys on achiral low index facets and (520) facets, which are present in single-

crystal Au NRs, as well as chiral (521)S and (52−1)R facets, as examples of S- and R-

type surfaces, respectively (Figure 4.16a). The adsorption energies (Eads) for different 

L-Cys conformations were computed (Figure 4.16b). Surface concentrations used in 

these simulations were smaller (low coverage regime) than experimental estimates 

because the experimental value is an upper limit assuming all molecules being adsorbed 
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on the metal surface, whereas an equilibrium between Cys in solution and adsorbed on 

the surface would be a much more realistic scenario. At low coverage, Eads was found 

to be more exothermic on chiral than on achiral facets, adsorption on an S-type surface 

being favored by 0.14 eV over that on an R-type surface.  Consequently, more 

development of {521}S facets or even other S-type facets (with different indexes) would 

result in a 4-fold twisted structure according to the lattice and seed symmetry. These 

results are in an excellent agreement with the conclusions made from ET tomography 

studies. Thereby, the hypothesis of facet-specific adsorption of chiral inducer molecules 

during the crystal growth is strenghtened.  

 

Figure 4.16 (a) Most stable L-Cys adsorption conformations and Eads (eV) on (520), 

(521)S, and (52-1)R facets at low-coverage. Atom legend: Au = pale orange, S = yellow, 

O = red, N = blue, C = black, and H = white. (b) Adsorption energy (Eads) of L-Cys on 

different surfaces. 
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4.3 Stereochemical processes in the formation of helical penta-

twinned Au nanorods 

During the examination of the 4-fold twisted NPs, discussed in section 4.1, the irregular 

presence of twin-boundaries was observed, resulting in the formation of branched 

features that could potentially influence the chirality of produced particles (see an 

example in Figure 4.9). Based on SC NPs, where no indication of TB was found and the 

helicity was well preserved, the formation of twins was excluded from the potential 

sources of chiral growth. However, a systematic study should be conducted to assess 

the impact of the twin boundaries on the chiral crystal growth. To be more precise, the 

main aim of this section is to analyze the faceting of the intermediate structures, leading 

to the formation of the final chiral morphology, and the determination of the helicity of 

the PT Au NPs. 

In this study, the synthetic protocol is similar to that used in Section 4.1, however in 

this case PT Au NRs were used as seeds for chiral growth. The 5-fold symmetry of PT 

seeds, as well as the presence of twin boundaries, may play a significant role during 

chiral growth, thus, resulting in different morphologies of final chiral NPs compared to 

SC counterparts (typically with 4-fold symmetry). By using the successive HAuCl4 

additions, to mimick the stages of crystal growth reaction, the dissymmetric growth 

process of PT chiral Au NPs was studied using ET (see experimental details in Table 

4.6). Figure 4.17  shows the HAADF-STEM overview and 3D reconstructions of 2 

different NPs for the samples, obtained after (a) 1 and (b) 9 successive HAuCl4 

additions. As can be seen, the overall morphology of the samples becomes more 

intricate during the growth reaction, where the 5-fold symmetry of initial Au PT seeds 

disappears and both left right handed features can be seen at the later stage in Figure 

4.17a,b(ii). To determine the overall handedness of the studied particles, helicity 

measurements were conducted based on the obtained reconstructions (as described in 

section 3.3) and the results are shown in Figure 4.17a,b(iii). From these plots, the 

simultaneous presence of both left and right-handed features can be seen, resulting in 

the negligible total helicity in both cases (Htot = -0.02). In comparison, the formation of 

well-pronounced right-handed helical NPs was observed during chiral growth of SC Au 
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NPs when using L-Cys as a surfactant, that can already indicate the different mechanism 

of the chiral growth in case of PT Au seeds. These observations are supported by CD 

spectrometry of PT chiral NPs, showing weak chiroptical response. 

Table 4.6 Overview of the experimental parameters used for the investigation of PT Au 

NR, shown in Figure 4.16. 

Sample preparation Drop casting of the aqueous solution 

TEM grids Conventional carbon coated Cu grids 

TEM Thermo Fisher Scientific Themis Z 

Voltage 300 kV 

Imaging mode HAADF-STEM 

Detector collection angle 100 – 200 mrad 

Magnification 450 kx 

Screen current 50 pA 

Sample holder Fischione 2022 tomography holder 

Angular range/increment -75° : 3° : 75° (51 projections) 

 

Figure 4.17 The products obtained after different chiral growth conditions: (a)1 and (b) 

9 chiral growth steps; (i) HAADF-STEM overview and (ii) the ET reconstructions of 

two different particles, (iii) the helicity analysis of corresponding the particle from (ii), 

demonstrating the simultaneous presence of left-handed (blue) and right-handed (red) 

features. Scalebars are 50 nm. 



102 
 

It is worth mentioning, however, that the studied samples lack of any uniform or 

characteristic morphology. Of course, one can validly argue, that (S)TEM studies are 

rarely statistically meaningful due to the limited number of the studied particles, 

however the seed-mediated colloidal technique has proven itself to be able to produce 

highly homogeneous NPs which can be reliably shown using (S)TEM techniques, e.g. 

for chiral Au NPs studied in Section 4.1. The observed shape irregularity may be 

explained by the fast growth kinetics, where the thermodynamically governed site-

specific adsorption of surfactant molecules does not play the determining role in the 

formation of chiral surfaces. In addition, atomic resolution ET can still be used to obtain 

information about the faceting and twinning in the studied NPs. In this manner, a Au 

NP obtained after 1 growth step was studied using conventional and atomic resolution 

ET technique (Figure 4.18). Experimental details are presented in Table 4.7. Helicity 

analysis was also performed for this particle, where the total helicity Htot  was found to 

be equal to -0.02, in agreement with the results for the particles in Figure 4.17a,b(iii). 

 

Figure 4.18 (a) HAADF-STEM projection and (b) 3D reconstruction of a PT Au NP 

obtained after 1 growth step; (c) Atomic resolution 3D reconstruction of the bottom 

tip.201 
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Table 4.7 Overview of the experimental parameters used for the investigation of PT Au 

NR, shown in Figure 4.17. 

 

A detailed analysis was carried out, where the central slices through the obtained 

reconstruction (Figure 4.18c) were taken perpendicularly to the relatively flat surface 

features, from which the surface facets can be determined through their relative 

orientation to the known crystallographic orientations (e.g., angle between the measured 

and known facets, Figure 4.19a) or by the arrangement of atoms at the surface (Figure 

4.19b,c). However, one should be careful with angular measurements, especially in case 

of high index facets, where the difference between two planes can be smaller than 3°. 

In case of the studied NP, where the flat surface regions (facets) are not always obvious, 

“low” index facets can be determined with a certain degree of confidence. At the same 

time, when having the uncertainty between two possible types of faceting, it is 

reasonable to choose the faces with the smallest sum of hkl indexes. Interestingly, (-1 2 

3)S and (132)R facets were observed in this case, thereby, supporting the simultaneous 

formation of left and right handed features, observed from the helicity analysis. 

Sample preparation Drop casting of the aqueous solution 

TEM grids Conventional carbon coated Cu grids 

TEM Thermo Fisher Scientific Themis Z 

Voltage 300 kV 

Imaging mode HAADF-STEM 

Detector collection 

angle 
100 – 200 mrad 

ET technique Conventional High resolution 

Magnification 450 kx 1.8 MX 

Screen current 50 pA 

Spatial resolution 50 pm 

Sample holder Fischione 2022 tomography holder 

Angular 

range/increment 

-75° : 3° : 75° 

(51 projections) 

-75° : 2° : 75° 

(76 projections) 
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Figure 4.19  (a) Central slice through the atomic resolution 3D reconstruction taken 

along the [1 -1 1] direction. (b) Magnified region of (a), corresponding to (-1 2 3) facet. 

(c) schematic view of the {-1 2 3} facet, taken along [1 -1 1] orientation if fcc lattice of 

Au. 

Based on the obtained results, we can assume, that TBs can serve as a starting point for 

a rapid crystal growth, similar to the formation of the branched features in the case of 

SC chiral Au NPs (Figure 4.8), breaking the chiral morphology of the produced NPs. 

Besides, fast kinetics of the growth prevail over the thermodynamics of the interaction 

between the surface facets and chiral inducer molecules, where the certain degree of 

equilibrium (e.g., of the preferential adsorption)226 should be reached. Albeit certain 

chiral facets and features were observed in PT chiral Au NPs, the fast growth disregards 

the formation of certain shapes, leading to highly irregular morphologies. 
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To have additional evidence that kinetics plays a crucial role, the synthesis at different 

temperatures to assess the possibility of obtaining other potential shapes using ET (same 

experimental settings as in Table 4.6) was conducted. The previous discussion primarily 

focused on particles obtained with the initial 5 steps at 25°C, followed by 4 steps at 

16°C (Figure 4.20a). When the synthesis was conducted purely at (5×25°C + 4×16°C), 

the resulting products exhibit more intricate shapes, where the chiral features still can 

be discerned. With higher growth temperatures, the surface became smoother. 

Nevertheless, the products obtained at (5×25+4×30) still exhibited helical features 

(Figure 4.20b). Finally, the products obtained at (5×25+4×35) displayed an even 

smoother surface (Figure 4.20c), with the helical structures becoming less discernible. 

Given the faster rate of the chemical reaction at higher temperatures, it can be assumed 

that the contribution of kinetics will also increase during the NPs growth. In this case, 

the trend for smoother surfaces (due to the facilitated atom diffusion) and less 

pronounced chiral features can serve as an additional proof of prevailing contribution 

of kinetics over the thermodynamics during the Cys-mediated chiral growth of PT Au 

NPs. 
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Figure 4.20 PT chiral Au particles obtained at different reaction temperatures. (a) 

(5×25°C +4×16°C); (b) (5×25°C +4×30°C); (c) (5×25°C +4×35°C). (i-iv) 3D ET 

reconstructions of the NPs from the corresponding samples. All scalebars are 50 nm. 

4.4 Conclusions 

In this chapter, I implemented conventional, multimode and high resolution ET 

techniques to perform the detailed study of the Au NPs produced by cysteine assisted 

chiral growth. To be more specific, the 4-fold twisted morphology of the resulting 

individual Au NPs was demonstrated in 3D. Based on the obtained 3D reconstruction, 

the helicity measurements were conducted revealing the well-pronounced handedness 

depending on the enantiomer of cysteine, used during the synthesis. Additionally, 
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achiral structures were observed after the synthesis in the presence of racemic (D/L) 

mixture of cysteine, that was further confirmed with CD-spectrometry measurements. 

Based on these findings, the formation of chiral {521}S or {52-1}R surface facets during 

the chiral growth was hypothesized depending on the (L-) or (D-) enantiomers of cys 

used. This hypothesis was further confirmed by the atomic resolution studies in 3D, 

revealing the evolution of initial {100}, {110} and {111} facets intrinsic for initial Au 

seeds into {520} facets demonstrated for intermediate Au structures. Supported by DFT 

calculations, it was concluded that achiral {520} may promote the growth of one of the 

enantiomeric facets, for example, (521)S versus (52−1)R.  

The observed twisted Au NPs (Section 4.1) are single-crystalline in their nature, which 

enabled  me to exclude the influence of crystal defects formation on the final helicity of 

the studied samples. However, in some individual NPs (approximately in 10% of the 

observed particles) the irregular presence of twin boundaries was also observed at the 

tips of the particles, leading to more complex branched structures. To study the 

influence of twinning on chiral growth in a more systematic manner, I performed the 

ET characterization of PT Au NPs obtained by Cys-mediated chiral overgrowth of PT 

Au seeds. Highly irregular nonhomogeneous morphologies were observed after every 

stage of the chiral growth, resulting in the negligible total helicity of the studied 

particles. This can be explained by the prevailing contribution of kinetics over the 

thermodynamics of the chiral growth reaction of PT Au NPs, where the selective 

interaction of Cys molecules with the chiral surface facets could not be reached. Atomic 

resolution ET tomography analysis of the intermediate NP demonstrated the 

simultaneous presence of both left- and right-handed facets, e.g. (-1 2 3)S and (132)R. 

Additionally, the synthesis at higher temperatures can also indicate the growing 

contribution of the kinetic to the crystal growth, leading to smoother surfaces, where 

less chiral features can be observed.  
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Chapter 5. Morphological transitions during 

micelle-seeded chiral growth on Au nanorods 

This part is based on: 

Zhuo X., Mychinko M., Heyvaert W., Larios D., Obelleiro-Liz M., Taboada J.M., Bals 

S., and Liz-Marzán L.M., Morphological and Optical Transitions during Micelle-

Seeded Chiral Growth on Gold Nanorods, ACS Nano 2022, 16 (11), 19281. 

DOI: 10.1021/acsnano.2c08668 

The synthesis of the samples and spectral characterization analysis was carried out at 

CIC BiomaGUNE in Donostia-San Sebastián, Spain. 

Electromagnetic modelling of optical properties was performed  at EM3WORKS, Spin-

off of the University of Vigo and the University of Extremadura, Spain. 

TEM characterization was carried out at the research group for electron microscopy for 

materials science (EMAT) at the University of Antwerp. I was responsible for all TEM 

acquisition, ET reconstructions and analysis. Helicity analysis was performed by W. 

Heyvaert. 

  



109 
 

This chapter discusses the mechanism of the micelle-mediated growth of chiral Au NPs. 

More specifically, high-resolution HAADF-STEM and ET techniques was 

implemented to study the shape evolution of the corresponding nanoparticles obtained 

at the different stages of synthesis. Obtained results enabled a careful investigation of 

initial, intermediate and final morphologies, that were also correlated to the chiroptical 

properties of the studied samples. Additionally, the thin Pd layer incorporated between 

the Au core and surface227 wrinkles was visualized by 3D HAADF-STEM, allowing to 

analyse the interface between the core and the wrinkled shell of the studied NPs and, 

thus, to draw conclusions on the surface-dependent adsorption of chiral micelles. 

5.1 Different stages of the synthesis of helical nanoparticles 

To carry out a systematic study towards a better understanding of micelle-directed 

seeded growth, from achiral single-crystal Au NRs into chiral Au NRs (rod-shaped 

structures with helical wrinkles), 3D characterization of intermediate states during 

synthesis is necessary. Under the recently reported synthetic conditions,168 the achiral-

to-chiral transition is found to occur around minute 1 of the seeded-growth reaction. 

Due to the fast reaction rate, it is challenging to monitor the growth process by detaining 

the reaction instantaneously at different stages and studying the corresponding 

morphological changes. Therefore, an alternative method to mimic the reaction progress 

around minute 1 was used by carrying out a series of syntheses in which the seed 

concentration ([Au0]/[Au+] ratio) is varied for chiral overgrowth. In this manner, control 

over the growth of the helical wrinkles could be achieved, enabling one to mimick initial 

stages of the achiral-to-chiral transition (Figure 5.1). To investigate the intricate 

morphological evolution expected for this process, the different samples were analysed 

by HAADF-STEM tomography. The experimental parameters used for ET studies are 

shown in Table 5.1. I applied this technique to the achiral Au NR seeds and 

representative Au NRs overgrown at different [Au0]/[Au+] ratios, to reconstruct their 

3D morphologies using EM reconstruction algorithm, as explained in Section 2.5.3 

(Figure 5.1A−D). 
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Figure 5.1 Morphological characterization of Au NRs obtained by varying seed 

concentration in chiral overgrowth. (A) HAADF-STEM image, tomography 

reconstruction, and selected orthoslices of single-crystalline seed Au NRs. (B−D) 

Morphology of Au NRs grown with decreasing seed concentration, i.e., decreasing 

[Au0]/[Au+] ratio between seed and growth solution (B: 0.31; C: 0.13; D: 0.03). The 

morphological characterization for each sample includes (i) HAADF-STEM image, (ii, 

iii) 3D reconstructions along different viewing angles, (iv, v) selected orthoslices 

perpendicular to the longitudinal and transverse axes at the center of the NRs. Dashed 

curved lines highlight the concave lateral sides of NP shown in (B). 
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Table 5.1 Overview of the experimental parameters used for the investigation of chiral 

Au NR, shown in Figure 5.1. 

Sample preparation Drop casting of the aqueous solution 

TEM grids Conventional carbon coated Cu grids 

TEM Thermo Fisher Scientific Themis Z 

Voltage 300 kV 

Imaging mode HAADF-STEM 

Detector collection angle 100 – 200 mrad 

Magnification 450 kx 

Screen current 50 pA 

Sample holder Fischione 2022 tomography holder 

Angular range/increment -75° : 3° : 75° (51 projections) 

 

As shown in Figure 5.1A, the seeding Au NRs are single-crystalline with a rounded 

octagonal cross-section, which has been reported to comprise alternating {100}, {520}, 

and {110} facets.64 Upon overgrowth with an [Au0]/[Au+] ratio of 0.31 (Figures 5.1B 

and 5.2), a transition into a four-fold symmetric shape with square cross-section and 

pyramidal tips, i.e., an elongated octahedral shape, is observed. According to previous 

studies, four-fold symmetric Au NRs may exist as different geometrically allowed 

structures, comprising lateral sides enclosed by {100}, {110}, or {111} facets.228–230 I 

carried out high resolution HAADF-STEM measurements along different directions, 

which revealed four lateral {110} facets (Figure 5.2A). According to the 3D 

reconstruction and longitudinal orthoslices, the square cross-section shows a rotation of 

45° from one end to the center along the Au NR longitudinal axis (Figure 5.2B). 

Moreover, the angle between an end facet and a lateral edge was measured to be 135°, 

whereas the tip angle at different views was measured as either 109° or 90° (Figure 

6.2C), all of which are characteristic angles of fcc crystals with adjacent {110} facets. 

We can conclude that the four-fold symmetric Au NR is enclosed by 12 {110} facets, 

including the four lateral sides and four smaller facets at each end (Figure 5.2D). It is 

also worth noting that all facets are slightly concave (as indicated by dashed lines in 
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Figure 5.1Biv), which likely indicates a precursor state to the subsequently emerging 

wrinkles. When the seed concentration ([Au0]/[Au+]) ratio was reduced to 0.13, the 

obtained Au NRs already displayed helical wrinkles on the surface, albeit short and 

rather disordered (Figure 5.1C). Well-defined chiral Au NRs with rich helical wrinkles 

were obtained with a significantly lower [Au0]/[Au+] ratio of 0.03 (Figure 5.1D). 

Interestingly, both of the orthoslices in Figures 5.1C,D also display a quasi-square cross-

section, similar to that in Figure 5.1B, but with additional protrusions at the edges and 

corners. With the aim of better understanding the morphology of the different samples, 

a methodology to quantify the helical morphology of NRs was applied, which is based 

on the analysis of electron tomography reconstructions (for more detail see Section 

3.3).193 These results indicate an increase in left-handed total helicity during the gradual 

formation of helical wrinkles (Figure 5.3). Although both left- and right-handed local 

helical features can be recognized in all of the overgrown Au NRs, the relative amount 

of left-handed features increases as helical wrinkles are more clearly distinguished, in 

agreement with an achiral-to-chiral transition. It is interesting to note that the inclination 

angles (the position of blue features in the plots shown in Figure 5.3) of early-stage 

helical wrinkles (75−90°, Figure 5.3A,B) are steeper than those for well-defined helical 

structures (<45°, Figure 5.3C). This agrees with the earlier observation that the 

inclination angles of helical wrinkles depend on the thickness of the helical shell.193 
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Figure 5.2 (A) (a,b) HAADF-STEM images and (c,d) high-resolution HAADF-STEM 

images of an Au NR (similar to that in Figure 6.1B), taken along [110] and [100] zone 

axis. The insets in (a) and (b) show fast Fourier transform (FFT) patterns along [110] 

and [100] directions for the fcc lattice of Au, which indicate that the lateral sides are 

enclosed by {110} facets. Scale bars: 10 nm. (B) Selected orthoslices through the 3D 

reconstruction (Figure 6.2Bii), showing a quasi-square cross-section, from the central 

part to one end of the Au NR. The red dashed lines in the left image indicate the positions 

of the orthoslices. Rotation of the square pattern near the end of the Au NR helps 

determine the nanocrystal structure. (C) Angles between edges and facets measured 

from the 3D reconstruction, viewed in [110] and [100] directions (perpendicular to the 

image plane). (D) 3D render of a rod enclosed only by {110} facets. The 109°, 90°, and 

135° are some characteristic angles between specific edges and facets. In (i,ii) slices 

taken through 3D model are shown, indicating 45° rotation of square cross-section, 

similar to what is observed in (B). 
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Figure 5.3 Isosurface visualizations of the 3D reconstructions (i, iv) for six Au NRs at 

different growth stages ([Au0]/[Au+] ratios). Two individual NRs were measured from 

each of the samples shown in Figures 5.2B (A), 2C (B), and 2D (C). The corresponding 

local geometrical helicity map (ii,v; red: right-handed; blue: left-handed) and a plot of 

the corresponding helicity function (iii, vi) are provided for each 3D reconstruction. 

Assuming that the analysis reflects the behavior during direct chiral overgrowth, the 

existence of two main stages during growth was proposed: first, preferential Au 

deposition on high-index {520} facets until the formation of slightly twisted elongated 

octahedra, followed by the formation of helical wrinkles, which are likely directed by 

adsorbed BINAMINE-CTAC micelles. These results suggest that the formation of a 

quasi-square cross-section may play a crucial role in the achiral-to-chiral transition of 

Au NRs.  
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5.2 Faceting of intermediate stages and seed position 

visualization 

As additional evidence to verify the formation of a quasi-square cross-section, quasi-

cuboid achiral Au NRs were prepared.231 Such Au quasi-cuboids (QCBs) are reported 

to display well-defined {100} facets, which could be coated by a thin layer of Pd 

(Figures 5.5A,B and 5.5A,B). The synthesized Au@Pd QCBs were used as seeds under 

the conditions previously identified to generate chiral Au NRs, i.e., following the same 

incubation and chiral overgrowth procedures. It should be noted that Au QCBs were 

prepared in the absence of any chiral molecules that might influence the early growth 

transition. As a result, chiral wrinkles were grown on nonchiral Au QCB, ultimately 

displaying a chiroptical response (Figure 5.5C,D). 

Most interestingly, the Pd layer can be used to identify the boundary between the achiral 

QCB cores and the chiral features in the final Au NRs (Figure 5.5E). Multimode ET can 

be used, where the information collected at the different scattering angles can be used 

to highlight the different elements with the certain difference in the atomic number (for 

mre detail see Section 2.4.1).220  However, due to the significant difference in atomic 

numbers of Au and Pd (ZAu = 79, ZPd = 46), the mass-thickness contrast of HAADF-

STEM tomography and resolution of modern EM techniques should be sufficient to 

visualize these elements separately while detecting only the electrons, scattered at high 

angles (≥50 mrad). To achieve reliable results, acquisition of projections at the highest 

attainable resolution is essential, necessitating careful alignment of projections and 

rotation axes at the pixel level. In this study involving Au-Pd NPs, an optimal 

magnification of 620 kx was employed in the HAADF-STEM regime, capturing 

projections of 1024x1024 size with a pixel size of 0.15 nm. It should be noted that a 

misalignment of even a few pixels can impede the resolution of nm-sized features. 

Utilizing conventional tomography reconstruction algorithms, such as those offered by 

the Tomohawk scripts package and ASTRA Toolbox,232 may lead to inadequate tilt 

series alignment, resulting in a loss of significant information (Figure 5.7b). In order to 

ensure an optimal alignment of tilt series and obtain reliable information regarding sub-
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nm-sized structural features, the SIRT algorithm is used in this work (Figure 5.7c), 

including the projection alignment as described in Figure 3.14.201 

In this manner, the thin Pd (~1 nm) layer was visualized, that can be distinguished from 

the contrast difference in the orthoslices of the HAADF-STEM tomography 

reconstruction (Figure 5.5E, iii and iv and Figure 5.6C,D), showing that helical wrinkles 

can grow directly on the Pd-covered surface of achiral QCBs, and thereby confirming 

the role of the quasi square intermediate morphology in the achiral-to-chiral transition. 

It should be noted that, although both these QCBs and the elongated octahedra identified 

as intermediates display a quasi-square cross-section, their structure differs in the 

crystallographic index of their facets ({100} vs. {110}) and their tip morphologies (flat 

vs. pointed). It is therefore concluded that the crystalline nature of lateral facets does 

not play a major role in chiral growth, again supporting the micelle-templating 

hypothesis. 
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Figure 5.5 Chiral overgrowth using Au@Pd quasi-cuboids (QCBs) as seeds. (A) 

HAADF-STEM image of Au@Pd QCBs. (B) Elemental EDX mapping of Au@Pd 

QCBs (red, Au; blue, Pd) showing a Pd thin layer coating the surface of Au QCBs. (C) 

g-factor spectra of chiral Au NRs using different concentrations of QCB seeds. (D) 

HAADF-STEM image of the QCB-directed chiral Au NRs ([Au0]/[Au+] = 0.16). (E) 

Tomography reconstruction of a QCB-seeded chiral Au NR. (i) 3D visualization of the 

external Au surface; (ii) 3D visualization of the Pd−Au interface; (iii, iv) orthoslice 

perpendicular to the transverse axis, where the Pd layer can be seen as a thin, darker line 

surrounding the core, as indicated by the yellow arrows in (iii) and white outline in (iv). 

Scale bars: 10 nm. An orthoslice perpendicular to the longitudinal axis of the QCB-

directed chiral Au NR is shown in Figure 5.6C,D. 
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Figure 5.6 (A) HAADF-STEM image and (B) high-resolution HAADF-STEM images 

of an Au quasi-cuboid (QCB) from the sample shown in Figure 5.5A. The inset in (A) 

shows an FFT pattern along the [100] direction for the fcc Au lattice, indicating that the 

lateral sides are enclosed by {100} facets; crystalline directions are indicated in (B). (C, 

D) Selected orthoslice perpendicular to the longitudinal axis of the QCB-directed chiral 

Au NR in Figure 5.5E. The Pd layer can be seen as a thin, dark line surrounding the 

core, as indicated by the yellow arrows in (C) and white outline in (D). Scale bar: 10 

nm. 
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Figure 5.7 (a) HAADF-STEM projection of the QCB seeded chiral Au NR, used in 

Figure 5.5E; (b) The central slices through the 3D reconstruction performed with the 

Tomohawk scripts package. The presence of oblique diagonal lines indicates improper 

tilt-series alignment, leading to inconsistencies in the thickness observed between the 

reconstructed NP and its projections at different tilt angles; (c) The central slices through 

the 3D reconstruction performed with the CNN-assisted ET algorithm. In this case, the 

more precise alignment of the projections and rotation axis allows the analysis, 

performed in Figure 5.5E(iii,iv). 

To summarize, it was concluded that the formation of the elongated octahedral 

structures at the intermediate stages might be most efficient at accommodating helical 

micelle adsorption. However, the actual mechanism behind the preferential adsorption 

to such surfaces remains unclear, requiring detailed examination of the interaction of 

chiral micelles with the surface (facets) of Au seeds. Direct electron microscopy studies 

currently do not allow us to investigate the actual distribution of chiral micelles on the 

surface of studied NPs due to the low contrast and the electron beam damage, leading 

to the decomposition of organic-based micelles. Additionally, most (S)TEM 

experiments are conducted in high vacuum, where the conformation of dried samples 

can strongly differ from the actual synthetic condition, performed, e.g. in water 

solutions. The combination of low beam-damage imaging techniques with liquid 

holders or liquid encapsulation233 should be developed and implemented to study the 

adsorption of chiral micelles in more detail. The preliminary efforts to perform graphene 

liquid cell encapsulation of Au NRs are discussed in Section 9.2.1. 
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5.3 Conclusions 

In this chapter, the shape evolution of Au NPs during the micelle-mediated chiral growth 

was studied using ET. The morphological transition of {100}, {520}, and {110} 

facetted Au elongated seeds with a rounded octagonal cross-section into elongated 

intermediate octahedral shapes, enclosed by 12 {110} facets. The overgrowth of the 

chiral wrinkles was shown to occur at resulting four-fold symmetric shape with square 

cross-section, that was confirmed by the visualisation of thin Pd layer incorporated 

between the Au core and Au helical wrinkles. 

Thus, a key turning point of the achiral-to-chiral transition has been hypothesized to be 

an intermediate elongated octahedral structure, which might be most efficient at 

accommodating helical micelle adsorption. Unfortunately, this hypothesis cannot be 

confirmed by using conventional ET techniques due to the beam-sensitivity of organic 

micelles under the electron beam irradiation and vacuum conditions. Nevertheless, this 

limitations are opening promising prospects for the development of liquid encapsulation 

techniques, that can be combined with the low-electron dose techniques. These 

investigation would allow us to examine actual adsorption of chiral micelles on the 

surface of chiral Au NPs, thus, leading to a fundamental understanding of micelle-

mediated growth processes at nanoscale.  
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Chapter 6. Tuning the growth of chiral Au 

nanoparticles through rational design of a chiral 

molecular inducer 

This part is based on: 

Van Gordon K., Baúlde S., Mychinko M., Heyvaert W., Obelleiro-Liz M., Criado A., 

Bals S., Liz-Marzán L.M, Mosquera J., Tuning the Growth of Chiral Gold 

Nanoparticles Through Rational Design of a Chiral Molecular Inducer, Nano Lett. 

2023, 23, 21, 9880–9886. 

DOI: 10.1021/acs.nanolett.3c02800 

The synthesis of chiral inducers was done at CICA, University of A Coruña in A 

Coruña, Spain. The synthesis and spectral characterization of chiral Au NPs was carried 

out at CIC BiomaGUNE in Donostia-San Sebastián, Spain.  

Electromagnetic modelling of optical properties was performed at EM3Works, Spin-off 

of the University of Vigo and the University of Extremadura, Vigo, Spain.  

TEM characterization was carried out at the research group for electron microscopy for 

materials science (EMAT) at the University of Antwerp. I was responsible for all TEM 

acquisition, ET reconstructions and analysis. Helicity measurements were performed by 

W. Heyvaert. 
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In this chapter, I discuss the synthesis of chiral Au NPs using LipoCYS – a novel type 

of chiral inducer combining both the properties of cysteine and chiral micelles. In more 

detail, I employed the ET technique to investigate the different structures, obtained 

depending on the concentration of LipoCYS. Supported by CD spectrometry and 

electromagnetic simulations, the ability to synthesize both twisted and wrinkled 

morphologies with strong chiroptical properties is demonstrated. 

Additionally, the combination of HAADF-STEM and ED tomography was introduced, 

which allowed me to conduct a thorough faceting characterization of the resulting 

twisted shapes, hereby, unravelling the site-specific adsorption of LipoCYS with the 

surface of studied NPs. The technical details of combined HAADF-STEM and ED 

tomography were also demonstrated. 

6.1 Chiral morphology types controlled by modified surfactants 

According to Chapters 3,4 and 5, chiral-seeded growth on AuNRs can be achieved 

through two alternative paths, according to the morphology of the chiral NRs and the 

chemical nature of the molecular inducer of dissymmetry. One synthetic path results in 

the formation of plasmonic nanorods with twisted geometry using amino acids (such as 

cysteine) or short peptides containing the same amino acid, as the dissymmetry inducers 

(Figure 6.1a).234 The second synthetic protocol is known as micelle-directed chiral 

growth,168,235 through which plasmonic nanoparticles are grown as a dense array of 

quasi-helical wrinkles around a central NR (Figure 6.1b). Using this methodology, a co-

surfactant with axial chirality, such as BINAMINE, is applied together with the main 

surfactant (often CTAC), to induce chiral seeded-growth (Figure 6.1b). The aliphatic 

tails of LipoCYS are hypothesized to serve as anchor points for the LipoCYS-CTAC 

micelles. Therefore, when the surface coverage of LipoCYS is below a certain 

threshold, the micelles do not serve as templates for the growth of wrinkles and 

LipoCYS plays a similar role as that of cysteine, inducing chiral growth via the 

mechanism described in Section 3.1. In contrast, high concentrations of LipoCYS lead 

to the formation of NPs with well-defined helical wrinkles, typically obtained through 

micelle-directed growth, as discussed in Section 3.2. 
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Figure 6.1 Schematic view of the mechanisms for seeded growth of chiral nanorods. a) 

Cysteine as chirality inducer, resulting in twisted NRs. b) Chiral growth directed by 

micelles containing BINAMINE as co-surfactant, resulting in a wrinkled particle 

structure. The use of LipoCYS (c) is proposed to bridge both growth mechanisms. 

This chapter describes the role of a purposely devised chiral molecule consisting of a 

modified cysteine, (R)-2-amino-N-decyl-3-mercaptopropanamide (R)-LipoCYS 

(Figure 6.1c), as the chiral inducer for the seeded growth of gold nanorods. The presence 

of a cysteine-like head group and a longer hydrophobic tail was foreseen to provide a 

dual function, allowing high affinity for both the gold surface and the micellar system. 

LipoCYS is a versatile inducer that can produce both twisted and wrinkled chiral 

plasmonic nanoparticles as described above, depending on its concentration.  

6.2 The gradual evolution from twisted to wrinkled morphology 

To evaluate the performance of LipoCYS as a chiral inducer, the chiral growth of Au 

nanorod seeds is implemented experimentally. To characterize surface wrinkles and 

other geometrical features of resulting samples, ET is used to investigate the 

morphology and structural features in 3D, which can hardly be discerned in 

conventional 2D HAADF-STEM images. Experimental parameters of ET analysis can 

be found in Table 6.1. In this manner, by monitoring the resulting structural evolution 

of the particles obtained using different concentrations of LipoCys, the maximization of 

the dissymmetry factor (g-factor) becomes possible. The results of ET used for a 
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quantitative helicity analysis193 (Figure 6.2) confirm the direct correlation between the 

handedness of studied NPs and the type of enantiomer used during the synthesis. These 

results are also supported with the dissymmetry factor (g-factor) values obtained from 

CD spectroscopy and electromagnetic simulations based on the obtained 3D 

reconstructions (Figure 6.3). 

 

Figure 6.2 Isosurface visualizations of the 3D reconstructions (i, ii) for Au NRs 

obtained using different concentrations of (S)-LipoCYS (top) and (R)-LipoCYS 

(bottom) (A,D: 20 μM; B,E: 45 μM; C,F: 90 μM). Presented images are made along 

different viewing angles (oriented 45° relatively to each other) for each particle. Plots 

of the corresponding helicity function (iii; red: right-handed; blue: left-handed) are 

provided for each 3D reconstruction. All scale bars are 25 nm. 
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Table 6.1 Overview of the experimental parameters used for the investigation of chiral 

Au NR, shown in Figures 6.1 and 6.4. 

Sample preparation Drop casting of the aqueous solution 

TEM grids Conventional carbon coated Cu grids 

TEM Thermo Fisher Scientific Themis Z 

Voltage 300 kV 

Imaging mode HAADF-STEM 

Detector collection angle 100 – 200 mrad 

Magnification 320 kx 

Screen current 50 pA 

Sample holder Fischione 2022 tomography holder 

Angular range/increment -75° : 3° : 75° (51 projections) 

 

Figure 6.3. A,B: Circular dichroism (g-factor) spectra (A) and absorbance spectra (B) 

for chiral Au NR colloids prepared using different concentrations of LipoCYS, as 

labelled. Solid and dashed lines correspond to results from particles synthesized with 

the (R) and (S) enantiomers of LipoCYS, respectively. The determination of g-factor is 

explained in more detail in Section 1.2. C,D: Simulated circular dichroism (C) and 

extinction (D) spectra for three models resembling the morphology of selected 

experimental samples (as indicated by the color code). Simulations were based on SIE-

MoM (see Section 2.5.5 for details). 
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It should be noted, that Au (chiral) nanostructures may be subject to degradation by 

electron beam irradiation at high dose typically used in ET studies. To verify that the 

optimized electron dose utilized during the tilt series acquisition did not damage the 

sample, compare projections taken at the same tilt angle before and after the acquisition 

of the full tilt series was compared for each studied particle. From the comparison shown 

in Figures 6.4a and 6.4b, no changes are obvious. To demonstrate the stability, the 

projections should carefully aligned be and subtracted corresponding pixel intensity 

values. The difference values are assigned to a representative color scale (e.g., magenta-

green). The result is presented in Figure 6.4c, indicating no significant changes before 

and after the tilt series. Intentional color oversaturation of Figure 6.4c was performed to 

highlight minor differences (Figure 6.4d) that remain at the noise level. 

 

Figure 6.4  0° projections of chiral the Au NP taken (a) before and (b) after the 

tomography series acquisition. (c) The overlapping result of two projections and (d) its 

color saturation, showing no indication of morphological changes. 

To gain further insight into the influence of LipoCYS concentration on the mechanism 

of chiral growth, I performed a detailed analysis of the morphology of the produced 

particles using HAADF-STEM tomography for both enantiomers, e.g., for (R)-

LypoCys in Figure 6.5. Three-dimensional reconstructions of the NPs indicate an 
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evolution from relatively smooth surfaces at low LipoCYS concentration to densely 

wrinkled shapes at high LipoCYS content. For higher concentrations of LipoCYS, the 

average length of the wrinkles (~22 nm) and the distance between them (~2 nm) remain 

the same, regardless of LipoCYS concentration. At the same time, the average thickness 

of well-pronounced wrinkles slightly decreases (from ~7 nm to ~4 nm) when increasing 

the concentration of LipoCYS (examples are present in Figure 6.6). These values were 

obtained by manually measuring the parameters of the distinct wrinkles in the presented 

3D reconstructions. Measured values were further averaged over a number of measured 

wrinkles. The obtained differences between the wrinkles parameters can be related to 

the formation and adsorption of LipoCYS-CTAC micelles on the surface of Au seeds: 

a higher amount of strongly bound micelles on the surface decreases the free area 

available for crystal growth. This observation is in excellent agreement with the 

hypothesis concentration dependent role LipoCYS during the chiral growth, proposed 

in Section 6.1. 
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Figure 6.5 Morphological characterization of Au NPs obtained by increasing the 

concentration of (R)-LipoCYS (A: 20 μM, B: 45 μM, C: 75 μM, D: 90 μM) during chiral 

overgrowth. The morphological characterization for each sample includes: (i) HAADF-

STEM image of several representative nanoparticles; (ii, iii) Visualizations of the 3D 

reconstructions, presented along different viewing angles (oriented 45° relative to each 

other); (iv, v) selected orthoslices extracted from the 3D reconstructions, perpendicular 

to the longitudinal and transverse axes, at the center of the NRs. White dashed lines 

represent the relative positions of slices shown in (iv) and (v). All scale bars are 25 nm. 
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Figure 6.5 The evolution of the wrinkles parameters during chiral overgrowth: Selected 

orthoslices extracted from the 3D reconstructions, perpendicular to the longitudinal and 

transverse axes, at the center of the NRs (A,D: 45 μM, B,E: 75 μM, C,F: 90 μM of (R)- 

LipoCYS). All values are given in nm. 

6.3 Growth mechanism dependence on the chiral inducer 

concentration 

To further investigate the chiral growth mechanism for low LipoCYS concentration, the 

thorough analysis of the surface faceting is required. However, the relatively big size of 

the particles does not allow us to perform HR tomography experiment due to a limited 

field of view of the scanning engine of STEM, where only a small fraction of the studied 

particle can be seen at the sufficient magnification required for HR imaging. In addition, 

the depth of focus of a convergent electron beam is typically smaller than 10 nm, 

whereas the studied particles are approximately 50 nm thick. 2D HRTEM imaging 
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(Figure 6.7) enabled the approximate estimation of the crystallographic orientation of 

the studied particle, but fails to determine high index facets, e.g. {520}, even when 

combined with “low” resolution ET.  

 

Figure 6.7 (A,D) HAADF-STEM images and (B,C,E) high-resolution HAADF-STEM 

images of a chiral Au NR prepared with (R)-LipoCYS (similar to that in Figure 6.4A), 

taken along [110] and [100] zone axis. The insets in (B), (C) and (E) show fast Fourier 

transform (FFT) patterns along [110] and [100] directions for the fcc lattice of Au, which 

indicate that the tips are enclosed by {110} facets. 

To overcome this challenge, the combination of HAADF-STEM tomography and ED 

tomography was proposed to retrieve the information about the actual morphology of 

the studied particle together with the actual knowledge about its crystallographic 

orientation. Prior to tilt series acquisition, the surrounding of the particle chosen for the 

characterization should be examined so that it is distant from other particles. The 

required distance from the crystalline neighbours is determined by the diameter of the 
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selected area aperture (typically ~10 μm), that defines the beam size under the parallel 

beam conditions used in TEM. This ensures further acquisition of correct SAED 

projections, where the Bragg diffraction only occurs from the studied particle. 

Additionally, only single crystalline particles can be studied by these approach, since 

presence of such defects as twin boundaries will introduce additional uninterpretable 

reflexes to the obtained ED patterns. Eventually, the particle should be visible in as wide 

angular range as possible to reduce the missing wedge artifacts in both reconstructions. 

After the appropriate Au NP was found, the experiment started by conventional 

HAADF-STEM tilt series acquisition using the experimental parameters, identical to 

those presented in Table 6.1. The reconstruction of HAADF-STEM tilt series was 

performed using EM reconstruction algorithm described in more detail in Section 2.5.3. 

The next step was the ED tilt series acquisition, that was performed by switching in 

TEM regime (diffraction mode). It should be noted that the tilt-step appropriate for a 

reliable 3D-ED reconstruction is typically lower than 1°, which significantly 

complicates the manual acquisition of tilt series.68 Therefore, the automated continuous 

tilting of the stage was used. The speed of the rotation (~0.5°/s) was optimized with the 

integration time of the CCD (charge-coupled device) camera (1 s, 1024x1024 

projections) to obtain consecutive ED projections at each 0.5°. After tilt-series were 

acquired they were used as an input for 3D-ED reconstructions performed in PETS2.0 

software (see more details in Section 3.6). The next step was the careful alignment of 

HAADF-STEM and 3D-ED reconstructions in Amira software, that enabled the further 

analysis of the surface faceting. First, the relative orientation of 0° projections (Figure 

6.8a,d) should be carefully checked. Due to the possible difference in configurations of 

used detectors (HAADF-STEM detector and CCD-camera in this case), the projections 

can be by rotated by 90° (or any other angle) with respect to each other. This can be 

checked by acquisition of the atomic resolution image and its comparison with 

corresponding SAED pattern. After the 0° projections were aligned, they were used to 

confirm correct relative orientation of central slices through both reconstructions 

(Figure 6.8b,e), followed by the final overlapping of both reconstructions (Figure 6.8c,f) 

as shown in Figure 6.8B. 
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Figure 6.8 HAADF-STEM tomography and ED tomography of chiral Au NPs: (a,d) 

0° projection, (b,e) central slice through the 3D reconstruction, (c,f) 3D reconstruction. 

In this manner, it becomes possible to rotate the studied particle along the certain 

(especially high-index) zone axis orientations precisely and, therefore, to extract reliable 

data on the faceting of the features of interest. Orthoslices orthogonal to the [001] 

direction (Figure 6.9A) of the HAADF-STEM reconstruction indicate that the particle 

has a square-like cross-section, albeit with concave faces. Combination of tomography 

reconstructions in real and reciprocal space enables a detailed analysis of the various 

facets in the NP, by orienting it precisely along a given zone axis and inspecting the 

corresponding part of the NP surface perpendicular to that direction (Figure 6.9B). For 

instance, when orienting the particle along [520] as shown in Figure 6.9b (second image 

from the left) the vertical facets, parallel to the direction of view, will be perpendicular 

to <250> (similar to the purple facet from Figure 6.10a) and, thus, this facet is assigned 

to {250} family. Through this analysis, it can be concluded that the observed concave 

faces mainly consist of two facets belonging to the {520} family (Figure 6.9A). 
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Correspondingly, an idealized morphology is shown in Figure 6.9C. Further inspection 

of the orthoslices near the NP tips (Figure 6.9Ai,iii) indicates selective overgrowth at 

the corners of the two-sided faces (indicated by white arrows), resulting in a seemingly 

twisted structure. In the case of (R)-LipoCYS, this selective over-growth occurs on the 

top left and bottom right corners of each concave face, as also illustrated in the idealized 

model (Figure 6.9C). The concavity of the NR morphology in these regions can be 

expected to lead to local {521} facets at the top left and bottom right corners of the 

lateral facets and {52-1} facets at the top right and bottom left corners. Since these are 

chiral facets, the mechanism resulting in the final morphology would, therefore, be 

similar to that described in chapter 4. Finally, an inspection of the <111> and <011> 

corners (Figure 6.10b) indicates that they are twisted in a similar manner as the helicoids 

reported by Lee et al.,214 likely intertwined with the presence of chiral facets. These 

observations prove the facet-dependent adsorption of LipoCYS at low concentrations, 

leading to twisted Au structures. The model particle form Figure 6.9C was also used as 

an input structure for electromagnetic simulations of chiroptical properties (inset in 

6.3D), that were in an excellent agreement with CD-spectrometry results.  
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Figure 6.9 (A) 3D reconstruction and selected orthoslices of a twisted Au NR, obtained 

using 20 μM (R)-LipoCYS during chiral overgrowth, solid white lines indicate the 

expected crystallographic orientations of {520} facets. White arrows indicate positions 

where chiral overgrowth occurs. (B) Combined HAADF-STEM tomography (real 

space) and electron diffraction tomography (reciprocal space) reconstructions of the 

same particle oriented along [100], [520], [110], [250], and [–250], rotation angles as 

indicated. (C) Idealized chiral model of the same nanoparticle, oriented along the same 

directions as the corresponding panels in (B). All scale bars correspond to 25 nm. 
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Figure 6.10 (A) Idealized model of achiral concave NP with 8 lateral {520} facets. (B) 

3D reconstruction of a twisted Au NR, obtained using 20 μM (R)-LipoCYS during 

chiral overgrowth, shown along [011]. Solid and dashed lines highlight the presence of 

the twisted features at the lateral sites and at the tips. Scale bar is 25 nm. 

It is worth mentioning that careful crystallographic analysis using 3D-ED, e.g. lattice 

parameter measurements, may require smaller tilt steps than used in this work (up to 

0.1°/s), which was out of the scope of this work, where the study was performed on 

well-known crystal lattice of Au. However, in scope of future application of combined 

HAADF-STEM tomography and 3D-ED, the ability to precisely determine the lattice 

parameters of studied NPs along with the information about their morphology open 

promising prospects for, e.g. the investigation of phase transitions in nanomaterials. 
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6.4 Conclusions 

This work demonstrates the chiral growth of Au NPs in presence of a novel chirality 

inducer – LipoCYS, combining both the properties of cysteine and chiral micelles. ET 

studies reveal the intricate morphologies of the produced particles and the transition for 

twisted structures into wrinked shapes when the concentration of LipoCYS increasing. 

This was explained by the certain threshold in the coverage of the surface of Au NPs, 

when the facet dependent adsorption of chiral amino group in the molecule of LipoCYS 

is supressed by the formation of chiral micelles. The helicity measurements performed 

on obtained 3D reconstructions are in an agreement with CD-spectroscopy analysis.  

Additionally, the combination of HAADF-STEM tomography and ED tomography was 

implemented to confirm the formation of {520} facets for the particles obtained at low 

concentrations of cysteine. This is an additional proof of facet-specific adsorption of the 

chital amino group, included in the long aliphatic chain of LipoCYS. Information about 

the surface faceting obtained from the combined 3D reconstructions entitled the creation 

of the model structure, that was further used in electromagnetic simulations of the 

optical properties. 

Another valuable outcome of this work is the demonstration of the capabilities, albeit 

only partial, of the combined HAADF-STEM and ED tomography. Due to  the 

displayed ability to rotate the studied NP along arbitrary crystallographic directions, it 

is feasible make a reliable characterization of the surface features based on the 

reconstruction in the real space. Nevertheless, alternative application of this approach 

can be envisioned, e.g. the in-situ tomography instigations of phase transitions  

accompanied or induced by morphological changes at nanoscale.  
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Thermal stability of Au@Ag core-shell 

nanoparticles. 
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Chapter 7. In situ heating 3D investigations of 

mono and bimetallic nanoparticles 

One of the limitations during the ET investigation of mono and bimetallic NPs and their 

stability is the relatively long data acquisition (~1 hour per tilt series). Moreover, in situ 

heating investigations of such systems require the acquisition of several tilt series of 

same NPs after different heating steps. In addition, for better reliability, several particles 

deposited on the same heating chip should be studied during one experiment to ensure 

the same heating condition for all studied particles. In this manner, examining N 

particles after M distinct heating steps will necessitate capturing a total of (N×M) tilt-

series. Multiplied by the acquisition time of a single tomography dataset, it becomes 

challenging for one to conduct the proposed experiment during one microscopy session. 

Therefore, one of the main aims of my PhD research was to reduce the time required to 

acquire ET dataset, which in turn allowed me to investigate the effect of different 

morphological parameters on heat induced alloying in Au@Ag NPs. In this chapter, I 

will illustrate the combination of fast tomography with in situ heating tomography 

holders, allowing for in-depth investigations of heat induced processes in different 

monometallic and bimetallic NPs. 

7.1 Fast electron tomography 

The recently developed approach for acquiring a tomographic series within much 

reduced time windows involves continuously rotating the sample holder while recording 

images of the studied object.62 Unlike conventional tomographic acquisitions where the 

stage is manually re-centered in all directions before capturing a new projection image, 

fast tomography involves simultaneous image acquisition and stage adjustment, 

entailing the acquisition of hundreds of frames during the rotation process. The rotation 

speed of the goniometer is carefully selected to find an optimal balance between speed 

and image quality. Compared to conventional acquisition techniques, the total 

acquisition time for a tomographic series can be significantly reduced from around 1 
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hour to just 6 minutes when employing fast acquisition schemes.62 The individual 

acquisition time for each frame in the tomographic series is typically short, around 1 

second per frame. The decreased acquisition time enables the recording of more 

tomographic series within a one-hour timeframe, resulting in higher throughput for 

nanomaterial characterization. 

However, fast tomography presents challenges related to tracking and refocusing the 

nanoparticle during the acquisition process.62 When the goniometer is tilted, the particle 

experiences displacements in the x, y, and z directions of the stage. Consequently, 

motion-blurring artifacts may be present in some frames of the tomographic series 

(Figure 7.1a).  These artefacts appeared as a directional band of frequencies in Fourier 

space (Figure 7.1b). Thus, they could be corrected for by applying a low pass filter 

within Fourier space (Figure 7.1c), resulting in improved image quality (Figure 7.2d). 

Projection images that were heavily affected by blurring or motion effects were 

afterwards excluded. However, these frames with motion artifacts only represent a 

fraction of the total number of projection images (e.g., 50 out of 360 frames) and their 

removal prior to tomographic reconstruction does not compromise the final result's 

quality.62 
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Figure 7.1 (a) HAADF-STEM image obtained during the fast acquisition of a single 

NS, revealing noise in the direction of scanning. (b) The amplitude of the Fourier 

transform of (a). The white arrow indicates the presence of directional noise at higher 

frequencies. In order to correct the projection images a dedicated low pass filter was 

used (c) to remove these higher frequencies and restore the projection image (d).62 

Image is taken from open access article distributed under the terms of the Creative 

Commons CC BY license (Copyright © 2018 The Royal Society of Chemistry). 

To further improve the approach, e.g. to reduce motion-blurring artifacts, the concept 

of fast tomography was modified, resulting in so-called incremental tomography (See 

schematic representation in Figure 7.2). Specifically, a specially designed Python script 

is used to control the microscope stage and the HAADF-STEM detection system. This 

allows for continuous registration of all HAADF-STEM images while the script 

automatically tilts the sample holder in incremental steps (2-3° with a 5-10 second pause 

after each tilting step) across the entire range of tilt angles. The incremental approach 

requires slightly longer acquisition times (around 6-8 minutes), but the pause between 
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tilting steps allows the stage to stabilize and the microscopist can track the particle and 

adjust its position and focus to the optimal settings. This results in higher-quality data 

and reconstructions compared to the continuous approach. For instance, several NPs 

were studied employing both techniques using the same experimental conditions, where 

incremental approach showed lower volume error values compared to continuous 

counterpart, which is related to the blurring of projections caused by continuous 

movement of the stage.236 An argument can be made that the sample focusing during 

the pause between automated tilting steps, as utilized in the incremental approach, along 

with subsequent exclusion of 'bad' projections, introduces a manual aspect, potentially 

leading to biased outcomes. This focusing process resembles that of conventional ET, 

where each projection is manually acquired. However, in numerous scenarios, this 

technique may be preferable over continuous tilting, which unavoidably leads to 

projection blurring due to mechanical stage vibrations. Achieving unbiased incremental 

ET acquisition necessitates the automation of all imaging steps, encompassing the 

tracking of the studied NP and its automatic focus. Regrettably, the advancement of this 

process is impeded by stage instabilities, particularly inconsistent shifts at different 

angles, where the particle drift during tilting cannot be accurately correlated with 

specific angular ranges. It should be also noted that the reduced acquisition time offered 

by fast tomography makes it particularly suitable for beam-sensitive materials, as it 

minimizes the total beam exposure (approximately by a factor of 10).  

 

Figure 7.2 Schematic representation of incremental tomography approach. 

Furthermore, the ability to capture the entire tilt series in approximately 8 minutes 

without significant information loss has enabled us to perform in situ alloying 



142 
 

experiments on multiple Au@Ag particles simultaneously within a single experiment, 

which is described in more detail in the Chapter 8. This advancement significantly 

increased the capability of in situ ET investigations of various complex nanomaterials 

at the nanoscale, which was one of the main goals of the REALNANO project (granted 

by European Research Council, ERC) provided the essential financial support for this 

work. 

7.2 In situ heating tomography studies 

To enable 3D in situ investigations on NPs, a MEMS-based DENSsolutions Wildfire 

heating holder optimized for ET can be utilized (Figure 7.3). This holder, combined 

with a tilting range of ±70°, enables heating the specimen from room temperature up to 

1100 °C with a precision of less than 1°C. With these capabilities, detailed 3D in situ 

heating investigations of reshaping processes in Au62 and Au-Pd 237 systems became 

possible, as well as alloying phenomena in Au@Ag NPs.44 Chapter  8 of my research 

work will extensively discuss the integration of the in situ heating holder with fast 

tomography techniques and atomic resolution tomography. 

 

Figure 7.3 Heating tomography holder and schematics of the heating chip. Images are 

taken from DENSSolutions Wildfire Brochure (https://denssolutions.com). 

The combination of fast ET with in situ heating tomography holders applied in EMAT 

has already enabled the 3D characterization of heat-induced morphological changes of 

highly asymmetric Au nanostars, which was further employed to investigate to influence 

of reshaping on the nanostars’ plasmonic properties (Figure 7.4a).62 In the following 

study, fast in situ heating ET was used to demonstrate the enhanced thermal stability of 
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Pd doped Au NPs even at 450 °C in a vacuum (Figure 7.4b).237 Another particular 

example of the in situ heating investigation of Au@Pt NPs, was also conducted at 

EMAT, enabled the thorough analysis of the diffusion of Au and Pt in this system, where 

the redistribution of Au atoms form the core to the surface was shown to enhance the 

stability of the particles (Figure 7.4c).147 It should be noted, however, that HAADF-

STEM is a Z-contrast technique, which does not allow to distinguish between Au and 

Pt (ZAu = 79, ZPt = 78), thus hindering the implementation of HAADF-STEM-based ET 

techniques to the investigation of heat-induced processes in Au-Pt systems. These 

results clearly demonstrate the capability to combine the in situ heating holders with 

(fast) ET techniques, thus, obtaining valuable information about the processes taking 

place in individual NPs 
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Figure 7.4  (a) 3D visualizations, using fast tomography, of an Au NS before and after 

heating for 30 and 1200 s at 400 °C.62 Image is taken from open access article distributed 

under the terms of the Creative Commons CC BY license (Copyright © 2018 The Royal 

Society of Chemistry). (b) Volume redistribution of the heated Au-Pd octopod: 3D 

visualizations of local volume decreases (golden color) at different heating temperatures 

superimposed with the initial octopod morphology (purple).237 Adapted with permission 

from ACS Nano (Copyright © 2019 American Chemical Society). (c) 3D reconstruction 

and orthoslises of Au@Pt NR after heating at 200 °C. Orthoslices through the 3D 

reconstruction show the presence of diffusion pathways for Au atoms (marked by white 

arrows) from the core on the surface, leading to a formation of voids within the volume 

of the NP.147 Adapted with permission from ACS Nano (Copyright © 2022 American 

Chemical Society). 



145 
 

7.3 3D in situ heating investigations of alloying in Au@Ag NPs 

The next effort to investigate the thermal properties of bimetallic NPs at EMAT was 

made for the alloying of Au@Ag NPs.44 Based on the significant difference in atomic 

weights of Au and Ag, a methodology based on HAADF-STEM ET was proposed,44 

enabling to distinguish between these elements without using additional analytical 

techniques, e.g. EDX. In this manner, by implementing fast ET the heat induced 

elemental redistribution was observed in 3D for different individual Au@Ag NPs. 

Moreover the diffusion simulation method was proposed, allowing to investigate the 

alloying in quantitative manner. 

The approach to obtain quantitative 3D compositional information at different time 

steps in the alloying process44 is illustrated in Figure 7.5 and proceeds as follows: first  

a 3D HAADF-STEM reconstruction is obtained for an object where the constituting 

elements are not mixed, for example, a Au–Ag core–shell nanorod. After reconstructing 

the 3D distribution of the HAADF-STEM signal and thus removing the contribution of 

the projected thickness to the contrast, the remaining intensities in the 3D reconstruction 

only correspond to local elemental compositions inside the object (Figure 7.5a). Hence, 

the histogram of intensities inside the particle reconstruction shows a clear bimodal 

distribution in the case of a two-element system (Figure 7.5b), where maxima 

correspond to the expected intensity values for each element. Since Ag has a lower 

atomic number than Au, voxel intensities at the lower maximum and below can be 

attributed to pure Ag, whereas voxel intensities at the higher maximum and above 

correspond to pure Au. Furthermore, the intensities lying between the maxima are 

related to the elemental composition of corresponding voxels by the following relation 

(see the Supporting Information for derivation): 

ω𝐴𝑢 = 
𝐼−𝐼𝐴𝑔

𝐼−𝐼𝐴𝑢
       (7.1) 

where I is the intensity of the voxel, ωAu is the relative atomic content of Au in the voxel, 

and IAu and IAg are intensities corresponding to pure  Au and Ag, respectively. Figure 

8.5c shows a slice through the 3D elemental distribution for the initial state of the Au–
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Ag nanorod, obtained in this way, where red corresponds to pure Au and green to pure 

Ag. As can be seen, the resulting map clearly reflects the expected core–shell 

morphology of the particle. Equation 7.1 can now be used to estimate the local elemental 

compositions in the 3D reconstructions of the imaged object during the entire alloying 

process, provided that the imaging conditions were kept the same. Slices through the 

quantified 3D results for the nanorod after heating at 450 °C for 0, 60, 150, and 300 s 

are displayed in Figure 7.5d using the same red–green color map. The obtained 

elemental distribution maps display the expected gradual transition of the core–shell 

morphology of the nanorod into a homogeneous elemental distribution upon alloying. 

The dynamics of particles alloying can be directly followed from the histograms 

showing the intensities inside the volume of a nanoparticle. The two peaks, 

corresponding to the separate phases of Ag and Au for the initial core-shell particles 

(Figure 7.5b), gradually merge together until complete homogeneity is reached (one 

single peak in the histogram) at the end of alloying. Thus, the spread of the distribution 

in the histograms can be used to quantify the alloying progress. Here, degree of alloying 

was related to the standard deviation of the distributions in the histograms. After scaling 

the standard deviations between 0% for the initial core-shell state and 100% for the 

completely homogeneous material, this approach was used to compare the dynamics of 

the alloying process between different particles.44 
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Figure 7.5 Schematic of the approach used to reconstruct the 3D elemental distribution 

inside nanoparticles upon heating. (a) Slice through the HAADF-STEM reconstruction 

of the Au@Ag core–shell nanorod. (b) Histogram of voxel intensities inside the particle; 

estimated intensity values for pure Ag and pure Au are indicated by red vertical bars. 

(c) Color map of the elemental distribution inside the slice of the nanorod before 

heating, where red corresponds to pure Au and green to pure Ag. (d) Slices through 3D 

compositional distributions inside the same particle at different stages of alloying upon 

heating at 450 °C.44 Adapted with permission from ACS Nano (Copyright © 2019 

American Chemical Society). 

To gain more insight into the alloying process and diffusion dynamics in the studied 

NPs, experimental results were compared with 3D diffusion simulations. The 

simulations of elemental redistribution were based on a finite-difference approximation 

of Fick’s second law, using a forward-time central-space (FTCS) method. The elemental 

distribution was defined on a uniform cubical grid derived from 3D reconstructions of 

the particles (voxel grid). Equation 7.1 enabled determining the Au-Ag ratio from voxel 
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intensity values. Fick’s second law was approximated using the following convolution 

operation (Equation 7.2): 

𝑑𝐶

𝑑𝑡
=  𝐷 · (Δ ∗ 𝐶),                  (7.2)  

where 𝐶 =  𝐶(𝑥, 𝑦, 𝑧, 𝑡) is 3D elemental distribution evolving in time, 𝐷 is the diffusion 

coefficient, ∗ is a spatial convolution operation, Δ – discrete  Laplace operator, defined 

as a 3D array Δ𝑖𝑗𝑘 (Equation 7.3): 44 

Δ𝑖𝑗1 = [
0 0 0
0 1 0
0 0 0

] , Δ𝑖𝑗2 = [
0 1 0
1 −6 1
0 1 0

] , Δ𝑖𝑗3 = [
0 0 0
0 1 0
0 0 0

]                 

 (7.3)  

The elemental distribution was updated iteratively using Euler’s method (Equation 7.4), 

starting from an initial state: 

𝐶(𝑡 + Δ𝑡) =  𝐶(𝑡) + 
𝑑𝐶

𝑑𝑡
(𝑡) · Δ𝑡                     (7.4)  

The time step Δ𝑡 was set to be small enough to ensure the method convergence. A no-

flow condition was imposed on the particle boundary at each time step. At all time steps 

a no flow condition was imposed on the boundary of the particle by locally setting the 

appropriate coefficients of the Δ operator to zero. The boundary was estimated in the 

same manner as the vacuum mask described in the elemental quantification procedure. 

All the described computations were conducted in the Matlab programming 

environment. 44 

The starting elemental distribution for simulations originated from particle 

reconstructions at initial time steps. The shape of the Au core was obtained by using  

𝐼𝐴𝑔+𝐼𝐴𝑢

2
  intensity as a threshold, whereas for the outer shape of the particle  

𝐼𝐴𝑔

2
  threshold 

was used. Edges of both masks were smoothed by applying a 3D morphological closing 

with a radius of 5 pixels. The Au content was set to 100% within the core and 0% 

between the core and outer shell. 44 
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When obtaining the alloying curves based on the diffusion simulations results, the 

effects of limited projection angles and blurring were incorporated at each time step of 

the simulation. Next, the spread of voxel intensities was calculated and normalized 

between the values for the core-shell and the perfectly alloyed state of the particles using 

the same procedure as for the experimental data. 44 

This work has proposed the powerful approach for the investigation of heat-induced 

processes in Au@Ag, although systematic study of the parameters affecting alloying 

dynamics lied beyond the scope of this work.44 Thus, in the next part of my thesis I 

aimed to conduct a more detailed examination of various structural and morphological 

parameters affecting the diffusion dynamics and, therefore the stability and properties 

of Au@Ag NPs. 
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Chapter 8. The influence of size, shape, and twin 

boundaries on heat-induced alloying in individual 

Au@Ag core–shell nanoparticles 

This part is based on: 

Mychinko M., Skorikov A., Albrecht W., Sánchez Iglesias A., Zhuo X., Kumar V., Liz-

Marzán L.M. and Bals S., The Influence of Size, Shape, and Twin Boundaries on Heat-

induced Alloying in Individual Au@Ag Core-Shell Nanoparticles, Small 2021, 17, 

2102348. 

DOI: 10.1002/smll.202102348 

The synthesis of the samples was carried out at CIC BiomaGUNE in Donostia-San 

Sebastián, Spain. 

I was responsible for fast in situ heating tomography experiments, data analysis and 

diffusion simulations.  
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The dynamics and mechanism of interdiffusion in bimetallic systems strongly depend 

on various aspects, e.g. NP composition,47,48,238 size46,238 or shape.44,49 Additionally, a 

difference in core-shell interface49 or the presence of twin boundaries, such as those in 

PT NPs, may also play a role.50,51 Despite recent progress concerning the investigation 

of bimetallic systems using various experimental and simulation techniques, 

understanding of the mechanisms behind atomic diffusion at the single NP level is still 

far from complete. In fact, the diffusion dynamics are expected to be different at the 

nanoscale compared to the bulk, as indicated by orders of magnitude enhanced diffusion 

coefficients for Au-Ag NPs with sizes smaller than 5 nm, compared to bulk 

coefficients.58 This phenomenon may be attributed to the inherently higher surface-to-

volume ratio of nanomaterials in contrast to bulk materials. In nanomaterials, surface 

atoms exhibit increased mobility owing to the presence of uncompensated lattice bonds 

at the surface. Thus, a detailed understanding of nano-alloying processes and their 

dependence on relevant external stimuli and NP parameters is crucial for further 

improvement of NP properties and applications. 

Because of its high spatial resolution, fast HAADF-STEM tomography has several 

advantages in comparison to ensemble-based techniques, such as Vis-IR spectroscopy 

222 or extended X-ray absorption fine structure (EXAFS). 239 Since ET enables the 

investigation in 3D (over the volume of the NP), this approach is also superior to 

conventional two-dimensional (2D) (S)TEM techniques. 43,58 Major drawbacks of the 

techniques mentioned above, such as averaging of data over a large number of particles 

or the inability of performing in situ investigations in 3D, may result in discrepancies 

between different studies, especially for objects with complex morphologies. For 

example, significant divergence in alloying temperatures 43,55 or disagreement in 

diffusion speeds 43,44,46 for Au@Ag NPs of similar compositions and sizes have been 

reported. 

In this chapter, I use fast ET to perform 3D in situ heating investigations of different 

NPs under heating at 450 °C. I focused on SC and PT Au@Ag core-shell NPs with 

different sizes, aspect ratios and overall shapes. By characterizing NPs with a different 

core morphology, the effect of the type of interfacial facets could also be investigated. 



152 
 

A careful comparison enabled me to study the influence of each isolated factor on the 

alloying kinetics. For all of these systems, the diffusion dynamics was quantified by 

comparing experimental data to finite difference diffusion simulations based on Fick’s 

law. These experiments yield novel insights on how parameters such as size, aspect 

ratio, core shape and the presence of twin boundaries influence heat-induced alloying 

in bimetallic core-shell NPs. 

8.1 Experimental aspects of fast in situ heating tomography 

used in this work 

Au-Ag NPs are ideal for the investigation of interdiffusion dynamics, since Au and Ag 

both crystallize in the fcc crystal lattice with almost identical lattice constants (0.408 nm 

for Au and 0.409 nm for Ag). This makes the elements completely intermixable, without 

significant lattice strain, and allows them to form alloys in the whole range of 

concentrations. Moreover, Au@Ag NPs are relatively stable under beam exposure in a 

TEM, while the significant difference in atomic number Z enables one to reveal Au and 

Ag distributions using HAADF-STEM. Previously, a fast HAADF-STEM tomography 

approach was implemented, which allowed authors to perform a quantitative analysis 

of the elemental redistribution in 3D for Au@Ag core-shell nanorods and 

nanotriangles.44 Although these experiments served as a proof of principle of the 

technique, detailed understanding of key influences in the elemental redistribution 

process of nanomaterials is still lacking. Here, the analysis of elemental redistribution 

in Au@Ag NPs is extended to investigate the effects of size, aspect ratio, overall 

morphology, shape of the core and the presence of twin boundaries. The main focus was 

aimed at Au@Ag NPs with the following morphologies: SC Ag NC with either 

octahedral (OCT) or spherical (SP) Au cores, SC Ag NRs with Au NR cores and PT Ag 

NRs with NR or bipyramid (BP) Au cores. An overview of the investigated systems is 

provided in Table 8.1, where representative 3D visualizations of the corresponding 

tomography reconstructions for all NP types in their initial (room temperature) state are 

also included. 
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Table 8.1 Selected parameters of the investigated Au@Ag@m-SiO2 NPs. The 

following abbreviations are used to describe the different types of NPs: SC – single-

crystalline, PT – pentatwinned, NC – nanocube, NR – nanorod, BP – bipyramid, OCT 

– octahedron, SP – sphere. Volumes and AR values were extracted from 3D 

reconstructions of the initial (RT) state for all presented Au@Ag NPs, excluding the m-

SiO2 shell. Scale bars are 20 nm. 

NPs 
  

    

NC1 NC2 NR1 NR2 NR3 NR4 

Au core SC-OCT SC-SP SC-NR SC-NR PT-NR PT-BP 

Ag shell SC-NC SC-NC SC-NR SC-NR PT-NR PT-NR 

Volume 

[103 nm3] 
195 148 14.1 24.7 17.5 27.5 

AR 1 1 2.3 3.7 4.1 3.1 

Au : Ag 

[at. %] 
22 : 78 24 : 76 43 : 57 46 : 54 43 : 57 44 : 56 

 

It should be noted that, thermodynamically driven reshaping of anisotropic 

morphologies due to atomic redistribution at the NP surface may hinder the 

interpretation of alloying experiments and even alter the mechanism of elemental 

redistribution.49,62,240,241 Moreover, because of the lower activation energies, surface 

diffusion is typically faster in comparison to volume diffusion. To minimize reshaping 

of the NPs upon heating, all particles studied in this work were coated by a 20 nm thick 

mesoporous silica-shell (m-SiO2).242 

Prior to the actual alloying experiments, I carefully determined the most suitable 

experimental conditions to be used during in situ heating investigations. For example, 

reported alloying temperatures for Au@Ag core-shell NPs with sizes comparable to 
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those used in this paper range between 350 and 450 °C.55,238 In order to determine an 

optimal alloying temperature, a preliminary in situ heating experiment was carried out. 

Relevant particles were hereby deposited from a colloidal dispersion on a MEMS-based 

heating chip and heated in situ heating from 20 up to 500 °C, in steps of 50 °C (the 

schematics of the experiment is presented in Figure 8.1a). The NPs were kept at the 

selected temperature for 5 minutes and the system was subsequently cooled down to 

room temperature. 2D HAADF-STEM images were acquired after every heating step 

for an overall visualization of the elemental redistribution and potential reshaping 

(Figure 8.1b). A slight reshaping, possibly due to a certain degree of flexibility of the 

mesoporous silica shell, was indeed observed around the tip of Au@Ag NRs at 250 °C, 

as marked by white arrows in Figure 8.1b. However, the overall shape of the NRs was 

preserved, even at longer heating steps and higher temperatures. From Figure 8.1 it is 

furthermore clear that alloying started to occur within the temperature range of 300-350 

°C. For all subsequent experiments, we selected an operating temperature of 450 °C, 

which provided optimal alloying kinetics to track the most pronounced elemental 

redistribution during the first heating steps, while ensuring complete alloying within a 

time period of a few minutes. 
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Figure 8.1 (a) The schematic representation of the preliminary in situ heating 

experiment. (b) HAADF-STEM images of the atomic redistribution inside an Au@Ag 

SC-NR (upper row) and an Au PT-NBP@Ag PT-NR (lower row), acquired at room 

temperature after heating for 5 minutes at the indicated temperature. In this additional 

experiment, SC-NR and PT-NR with sizes and composition similar to NR2 and NR4 

were chosen, which allowed us to estimate 450 C as an optimal temperature for our 

alloying experiment. 

In situ 3D investigation of heat-induced metal redistribution in individual Au@Ag  core-

shell NPs was performed by HAADF-STEM tomography using a DENSsolutions 

Wildfire MEMS-based heating sample holder, optimized for electron tomography. To 

induce alloying, all particles were heated at 450 °C for a total of 600 seconds. EDX 

mapping was performed for each particle before (0 seconds) and after heating (600 

seconds) to confirm complete and uniform alloying at the final stage (Figures 8.2, 8.3). 

To investigate intermediate states, the heating process was interrupted after 15, 30, 45, 
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60, 90, 120, 180, 300 and 600 seconds by fast cooling (within less than 1 second), down 

to room temperature. Microscopic dimensions of the heating setup allowed rapid 

cooling by merely discontinuing the application of heat. This swift heat dissipation was 

made possible by the relatively massive metal components of the holder, which acted 

as efficient heat conductors. After every heating interval, a fast tilt series for tomography 

was acquired (experimental parameters can be seen in Table 8.2). From the 3D 

reconstructions, retrieved from every tilt series, the volumes of the investigated NPs 

were calculated. In this manner, I confirmed that the volume did not change for any of 

the studied NPs during heating. An example for NC2 is shown in Figure 8.3e. Given 

that both the volume and composition of all investigated NPs remained constant, it can 

be concluded that both Au and Ag redistributed only at the surface and within the 

volume of the presented NPs. 

 

Figure 8.2 2D EDX mapping of NR4 before (a-c) and after heating for 600 seconds at 

450 °C (d-f). 
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Figure 8.3 (a,b) HAADF image of NC2 acquired after 0 seconds (a) and 600 seconds 

(b) of heating. (c,d) Comparison between integrated line profiles based on the same 

region (green rectangle) of the 2D EDX elemental mapping before (c) and after (d) 

alloying. (e) Relative volume change (black circles) calculated from 3D reconstructions, 

and Ag content values (red diamonds) retrieved from EDX mapping before heating (0 

s) and after the last heating step (600 s). 
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Table 8.2 Overview of the experimental parameters which are used for the fast in situ 

heating tomography investigation of Au@Ag NPs. 

Sample preparation Drop casting of the aqueous solution 

TEM grids Si3N4-based Wildfire chips 

TEM Thermo Fisher Scientific Themis Z 

Voltage 300 kV 

Imaging mode STEM, (1024x1024) 

Detector HAADF, EDX 

HAADF frame time ~1.3 s 

Screen current 50 pA 

Sample holder 
DENSsolutions Wildfire heating 

tomography holder 

ET mode Incremental tomography 

Angular range/tilt increment  -70° : 2 : 70° 

Pause between tilt steps 7 s 

 

8.2 Diffusion in Au@Ag nanoparticles 

In this work, I first applied the quantification of alloying degree (see details in Section 

7.3) to NCs with different shapes for the core: a slightly truncated octahedron for NC1 

and a sphere for NC2 (Figure 8.4a and Table 8.1). The Au octahedral core for particles 

such as NC1 is mostly confined by (111) facets, whereas the Au sphere surface is formed 

by a wide variety of higher order facets.243 In both NC1 and NC2, the Au cores were 

encapsulated by an Ag cube. By comparing the different types of NC, it is possible to 

obtain a comprehensive understanding of diffusion processes across different interfacial 

planes and along different axes in a single-crystalline structure. It is worth noting that 

no twin boundaries were observed in either NC1 or NC2 during the rapid ET acquisition. 

Figures 8.4b and 8.4c illustrate the outcome of our experiments by showing slices 

through the 3D HAADF-STEM reconstructions along the [100] and [110] zone axes. 
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Since the intensity in HAADF-STEM images scales with the atomic number Z of the 

elements that are present, these 3D reconstructions could be translated into 

compositions by using a quantitative methodology described in section 8.3.44 From the 

slices in Figures 8.4b and 8.4c, the redistribution of Au and Ag along different directions 

and after every heating interval at 450 °C can be readily monitored. It can be seen that 

alloying proceeds uniformly in all directions. These findings are in good agreement with 

existing literature, where it has been reported that the extent and frequency of atomic 

exchange events are expected to be the same for all directions in close-packed structures, 

as is the case for the fcc crystalline cell of both Au and Ag.244 

However, one can notice a faster alloying rate for NC2 (Figure 8.4c) as compared to 

NC1 (Figure 8.4b), which may be related to the slightly smaller volume of NC2 (Table 

8.1) and therefore, shorter distances for atoms to diffuse until alloying is completed. It 

is important to note that, on the basis of this qualitative comparison only, it is impossible 

to determine if the volume or the different morphology of the core and therefore 

different interfacial facets are responsible for the differences in the alloying behaviour. 

 

Figure 8.4 (a) Visualization of 3D reconstructions for NC1 and NC2, presented along 

[100] and [110] directions. (b,c) Corresponding slices through the 3D reconstructions, 

yielding the elemental distributions in NC1 (b) and NC2 (c), at different stages during 

alloying at 450 °C. 
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Based on the 3D reconstructions, I could quantify the degree of alloying after each 

heating interval (Figure 8.5a). The quantification procedure is based on the spread in 

the voxel intensity histogram (detailed description in Section 7.3).44 In agreement with 

the visual interpretation from Figure 8.4, Figure 8.5a confirmed the slightly slower 

alloying of NC1 compared to NC2. It should be also noted that the influence of the 

missing wedge was clearly visible on the orthoslices in the XY-direction, manifesting 

itself as apparent Ag-rich regions along the vertical direction. This emphasizes the 

importance of including the missing wedge artifact in the diffusion simulation for 

accurate retrieval of the diffusion coefficients.  

In order to eliminate the influence of NC volume and to enable a direct comparison 

between NC1 and NC2, I performed 3D diffusion simulations based on a finite-

difference approximation of Fick’s law using the tomography reconstruction at room 

temperature for each particle as an input (as discussed in Section 7.3).44  In this thesis, 

the effect of Poisson noise on the spread of intensities was additionally incorporated in 

the simulations and implemented an automated fitting procedure to more accurately 

retrieve the value for the diffusion coefficient from experimental data. The amount of 

noise in the experimental reconstructions was estimated using the reconstructions of the 

particles in the fully alloyed state. To exclude the influence of artifacts coming from the 

limited tilt range of the sample holder, a central slice is used through the reconstruction 

in the direction perpendicular to the “missing wedge” of projections. Since the elemental 

distribution in this case is expected to be completely homogeneous, the remaining 

intensity variations in the reconstruction can be attributed purely to noise. The scale of 

noise was estimated by calculating the standard deviation of intensities within the 

particle mask. Fitting of the simulated alloying curve to experimental metrics was 

performed by numerical minimization of the mean squared difference between the 

experimental and simulated data as a function of diffusion coefficient using Brent’s 

algorithm245 implemented in MATLAB. The uncertainty of the diffusion coefficient 

fitting was calculated using the finite-difference approximation of Fisher information at 

the optimal point of the fitting. 
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During our experiments, it was observed that both particles underwent minor reshaping 

during heating, leading to slightly more rounded vertices and edges, which should be 

considered for a more accurate quantitative description.44 Hence, the observed reshaping 

was included in the simulations by applying a mask, corresponding to the deformed 

shell of the NP, to the reconstruction obtained at room temperature. The resulting 

morphology was then used as an input for diffusion simulations. Moreover, missing 

wedge artifacts together with Poisson noise were also included in the simulations to 

make a more accurate comparison with the experimental results. By fitting the outcome 

of the simulations using different diffusion coefficients to our experimental 

observations, I was able to determine the best match for this coefficient, as shown in 

Figures 8.5b and 8.5c. The optimal fit corresponds to the blue dashed lines with 

diffusion coefficients of (2.7 ± 0.1)×10-19 m2s-1 for NC1 and (2.4 ± 0.2)×10-19 m2s-1 for 

NC2. Figures 8.5d and 8.5e show slices through the experimental 3D reconstructions 

and the corresponding simulations along the [100] direction. This conclude that the 

diffusion coefficients for NC1 and NC2, which are not influenced by differences in NC 

volume, have comparable values. These results therefore indicate that the interdiffusion 

kinetics at high temperature in isotropic single-crystalline Au@Ag NPs do not 

appreciably depend on the details of the Au-Ag interface.  
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Figure 8.5 (a) Comparison of the alloying progress for NC1 and NC2. (b,c) Comparison 

of the experimental results to the diffusion simulations performed for different diffusion 

coefficients. The degree of alloying was quantified from the experimental data (black 

circles) for NC1 and NC2, respectively. The blue dashed curves correspond to the best 

fit of simulations to the experiments for diffusion coefficients of 2.7×10-19 m2s-1 for NC1 

(b) and 2.4×10-19 m2s-1 for NC2 (c). For both NCs, the red curves correspond to 

simulations based on a diffusion coefficient of 10×10-19 m2s-1, whereas the green curves 

were obtained using a diffusion coefficient of 1.0×10-19 m2s-1. These values were chosen 

to demonstrate the influence of diffusion coefficient value on the alloying kinetics; (d,e) 

The upper rows show slices through the experimentally determined 3D elemental 

distribution in NC1 and NC2, respectively, at different stages of alloying. The lower 

rows display slices through the simulated 3D elemental distributions using the optimal 

diffusion coefficient. 
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8.3 Shape and twin boundaries effects on elemental 

redistribution 

To investigate the effect of aspect ratio, presence of twin boundaries and core shape 

during heat-induced alloying, four different types of Au@Ag NRs with similar 

compositions were studied (Table 8.1: NR1-4 and Figure 8.6a). For comparison, I 

selected pairs of NRs, which differ in only one parameter: aspect ratio in the case of 

NR1 and NR2, absence or presence of twin planes and a different shape of the core for 

NR2 and NR3. Finally, NR3 and NR4 were also compared, both PT-NRs, but with a 

PT-NR and a PT-BP core, respectively. For each comparison, the other parameters had 

similar values, which enabled the investigation of the separate influence of each factor 

on the alloying dynamics. Any dependence on volume could again be eliminated by 

comparing the extracted diffusion coefficients. 

Figure 8.6b,c shows the experimental results for all four NRs. Similar to the NCs, 

elemental diffusion proceeded uniformly in all directions. In addition, for the larger PT-

BPs (NR4) a darker and hence seemingly greener region in the YZ orthoslices in the 

middle of the particle could be observed. We attribute this effect to remaining diffraction 

contrast due to the pentatwinned structure. 



164 
 

 

Figure 8.6 (a) Visualization of 3D reconstructions for NR1, NR2, NR3, and NR4. (b-e) 

YZ- and XY- slices through the 3D reconstructions of elemental distributions at 

different stages of alloying at 450 °C. 

 

The degrees of alloying for all NRs were calculated from 3D reconstructions after each 

heating interval, in the same manner as described above for NCs, and the results are 

presented in Figure 8.7a. The best fits of the 3D diffusion simulations to the 

experimental data are summarized in Figure 8.7b-e. The corresponding fitted diffusion 

coefficients are listed in Table 8.3, together with values for NC1 and NC2, as a 
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reference. YZ-slices through the 3D simulated reconstructions after each heating step, 

as well as the corresponding experimental YZ-slices, are presented in Figure 8.7f-i for 

all NRs. Also for NRs, fitting of the simulated diffusion curves resulted in good 

agreement with the experimental data, confirming the appropriate performance of our 

simulation model, which results in reliable diffusion coefficients. However, a slight 

difference in apparent composition between simulations and experimental results could 

be observed during the latter heating steps (Figure 8.7f-i). This cannot be related to 

actual differences in composition, which are the same for the experiments and 

simulations and stayed constant over the course of the experiment. It is also worth 

noting, that diffraction contrast due to the presence of twin boundaries was observed in 

PT NPs after each heating step. 

Table 8.3 Values for diffusion coefficients, obtained by 3D diffusion simulations and 

comparison to experimental data. Uncertainties for the diffusion coefficients were 

estimated by fitting the experimental data with simulated alloying curves and 

correspond to the standard deviation of this parameter. 

Particle 

Defect 

structure 

Core-Shell 

morphology 

Volume 

[103 nm3] 

AR 

Au : Ag 

[at.%] 

D 

[10-19 m2s-1] 

NC1 SC OCT @ NC 195 1 22 : 78 2.7 ± 0.2 

NC2 SC SP @ NC 148 1 24 : 76 2.4 ± 0.3 

NR1 SC NR @ NR 14.1 2.3 43 : 57 3.4 ± 0.4 

NR2 SC NR @ NR 24.7 3.7 46 : 54 2.9 ± 0.2 

NR3 PT NR @ NR 17.5 4.1 43 : 57 6.0 ± 0.2 

NR4 PT NBP @ NR 27.5 3.1 44 : 56 6.3 ± 0.4 
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Figure 8.7 (a) Comparison of the alloying progress for NR1-4; (b–e) Comparison of the 

experimental results and diffusion simulations performed for different diffusion 

coefficients. The degree of alloying was quantified from the corresponding 

experimental data (black circles) for NR1-4. The blue dashed curves correspond to the 

best fit of simulations to experiments for diffusion coefficients of 3.4×10-19 m2s-1 (b), 

2.9×10-19 m2s-1 (c), 6.0×10-19 m2s-1 (d), and 6.3×10- 19 m2s-1 (e), for NR1-4 respectively. 

For all NRs, the red curves correspond to simulations based on a diffusion coefficient 

of 10×10-19 m2s-1, whereas the green curves were obtained using a diffusion coefficient 

of 1.0×10-19 m2s-1. These values were chosen to demonstrate the influence of diffusion 

coefficient value on the alloying kinetics; (f–i) The upper rows display slices through 

the experimentally determined 3D elemental distribution for the various NRs at different 

stages of alloying. The lower rows display slices through the simulated 3D elemental 

distribution using the optimal diffusion coefficients. 
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From Table 8.3, it can be concluded that the obtained values of diffusion coefficients 

for all NPs investigated in this work are of the same order of magnitude as those reported 

for Au and Ag interdiffusion in bulk Au-Ag solid solutions and for single-crystalline 

Au/Ag thin films.246,247 This suggests that the difference in the volumes of the NPs at 

the investigated length scale does not affect the alloying dynamics significantly. A 

slightly higher diffusion coefficient can be observed for SC-NRs when compared to SC-

NCs. In this case, the difference in composition (~45 at.% of Au for NR1 and NR2, ~23 

at.% of Au for NC1 and NC2) plays a role in the alloying dynamics, due to the different 

mobility of Ag and Au atoms. Indeed, for particles with a higher Ag content, relatively 

slow Au atoms limit the alloying rate, since they require longer times to diffuse over 

longer distances and to get uniformly redistributed within the volume of the particle. A 

composition-dependent behavior of alloying in Au@Ag NPs of comparable sizes has 

been reported elsewhere.44,238 

Interestingly, about twice higher diffusion coefficients were obtained for PT-NRs 

(6.0×10- 19 m2s-1 for NR3 and 6.3×10-19 m2s-1 for NR4) in comparison to SC-NRs 

(3.4×10-19 m2s-1 for NR1 and 2.9×10-19 m2s-1 for NR2). The faster diffusion observed for 

PT-NRs can likely be attributed to a faster atomic transport due to distortions in the 

crystal lattice, caused by defects. The boundary between two twin planes may contain a 

higher amount of vacant sites and longer distances between neighbouring sites, thereby 

creating pathways for faster and easier atomic transport along these boundaries. A 

similar enhancement of diffusion kinetics due to the presence of twin boundaries has 

been previously suggested in the literature,244 whereas the presence of lattice vacancies 

was shown to significantly increase diffusion dynamics in bimetallic NPs.46 As an 

additional proof of the faster diffusion in the presence of twin boundaries, it should be 

noted from 8.1b that the starting alloying temperature for PT-NRs (~300 °C) is lower 

than that for SC-NRs of comparable volume (~350 °C). 

Based on the comparable values of the diffusion coefficients for NR1 and NR2, it can 

be seen that a difference in AR (2.3 vs. 3.7) in rod-like Au@Ag NPs did not affect the 

diffusion dynamics significantly. Along with the difference in AR, NR3 (AR=4.1) and 

NR4 (AR=3.1) also displayed a different morphology for the Au core (PT-NR and PT-

BP), leading to different interfacial facets. Still, these NRs yielded comparable diffusion 
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coefficients. Together with the results obtained for NC1 and NC2, this allows me to 

conclude that the kinetics of alloying in isotropic and anisotropic Au@Ag NPs do 

neither depend on the direction of diffusion inside the lattice cell nor on the difference 

in the type of Au-Ag interfacial facets. Interestingly, these findings are not in agreement 

with the alloying behaviour reported for Pd@Pt NPs, where a lower temperature 

threshold for core-shell interdiffusion was observed for octahedral core-shell NPs in 

comparison to cubic core-shell NPs.49 This was explained by a higher tendency for 

subsurface Pt vacancy formation in octahedra than in cubes, which governs 

interdiffusion of atoms between core and shell of the NP.49 Enhanced diffusion kinetics 

in the presence of vacancies in the vicinity of the bimetallic interface was observed for 

Au@Ag NPs.46 However, these investigations were performed for spherical NPs, where 

no information about the influence of Au-Ag boundary faceting could be extracted. 

Since all NP systems described so far yielded diffusion coefficients comparable to the 

bulk scale, I investigated an even smaller nanorod (SR), with aspect ratio and 

composition similar to NR1, but with significantly (~10 times) smaller volume (Figure 

8.8). From a visual inspection, the SR appeared to be fully alloyed after a short heating 

time between 5 and 10 seconds. Despite the presence of a mesoporous-silica shell and 

shorter heating times, a significant reshaping of the SR is observed, meaning that at this 

scale surface diffusion, or even local melting, dominated over lattice diffusion. The 

main reason for the lower stability of the SRs is the significantly higher fraction of active 

and mobile surface Ag atoms, which can be estimated from the surface-to-volume ratio 

of these NPs: 0.49 nm-1 for the SR vs. 0.26 nm-1 for NR1. Still, the value of the diffusion 

coefficient for the selected SR can be approximately estimated by performing 3D 

simulations of elemental diffusion, using the initial shape and elemental distribution 

from experimental data in the same manner as explained above. As can be seen from 

the simulations for different diffusion coefficients in Figure 8.9, the SR would be fully 

alloyed after 5 seconds if D = 10×10-19 m2s-1. For simulations performed using D = 

1×10- 19 m2s-1, incomplete alloying was obtained after 10 seconds. Since the 

experimental data (Figure 8.8) show that the SR was not completely alloyed after 5 

seconds of heating at 450 °C, we can assume that the value of the diffusion coefficient 

for this SR is within the same order of magnitude as those obtained for the larger NRs 
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(between 1×10-19 m2s-1 and 10×10-19 m2s-1). In the literature, very fast diffusion rates (D 

~ 10-14 m2s-1) have been reported for 5 nm Au@Ag spherical NPs at even lower 

temperatures.58 Therefore, we could expect that below a certain NP volume, alloying 

dynamics drastically increase possibly due to size confinement effects, e.g. higher ratio 

of mobile surface atoms. However, these observations were made from images in 2D 

rather than in 3D. Therefore, a more accurate evaluation of the diffusion dynamics in 

3D is important to gain a more detailed understanding of the nature of alloying for such 

small NRs. However, for this to be achieved with our current method, more elaborate 

simulations of surface diffusion or alternative synthetic techniques are needed, which 

would prevent interfering surface diffusion, for example, by encapsulation of NPs with 

a more rigid shell, e.g. a thin amorphous carbon layer.61,248 

 

Figure 8.8 (a) 3D visualization of an Au@Ag small nanorod (SR) with volume 

~1.8*103 nm3, AR = 2.4, and Au:Ag=56:44 at.%; (b) HAADF projections of SR 

acquired after 0, 5, 10 seconds of heating at 450 °C; (c) YZ-orthoslices through 

quantified 3D-reconstructions after 0, 5, 10 seconds of heating at 450 °C. The low 

stability of the particle hinders a quantitative assessment of alloying kinetics. 
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Figure 8.9 Slices through the 3D diffusion simulations for SR calculated for different 

values of the diffusion coefficients: 10×10-19 m2s-1 (upper row), 3×10-19 m2s-1 (middle 

row), 1×10-19 m2s-1 (lower row). 

It is important to note that both experimental ET results and diffusion simulation 

analyses employed in this study operate solely within voxel grid systems, lacking 

atomic-scale information. Within these systems, each voxel comprises multiple atoms. 

Consequently, the analyses allow for determination only of local Au/Ag ratios, while 

critical structural details, such as lattice distortions near twin boundaries, which 

hypothetically correlate with enhanced atomic diffusion along specific directions, 

remain largely unexplored at the atomic level.  
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8.4 High resolution in situ heating tomography of single-

crystalline and pentatwinned Au@Ag NRs 

In the previous sections, I demonstrate the enhanced diffusion kinetics due to the 

presence of lattice distortions in the vicinity of twin boundaries facilitating atomic 

transport in Au-Ag NPs. However, there is no clear evidence proving this hypothesis 

and revealing the mechanisms of diffusion at the atomic scale. In this part, I performed 

an additional in situ heating tomography experiment where the main aim was to 

investigate alloying processes with atomic resolution. Therefore, I obtained high-

resolution HAADF-STEM tilt series of single-crystalline and pentatwinned Au@Ag 

nanorods at different stages of alloying, that were further reconstructed using advanced 

HR reconstruction techniques, allowing to perform a correlation between the observed 

elemental redistribution and the relative displacement of atomic positions, caused by 

the presence of twin boundaries. 

In order to investigate the influence of twin boundaries on the alloying dynamics, I 

focused on two NRs: SC Au NR @ Ag NR and PT Au BP @ Ag NR (Figure 8.10a,b, 

SC-NR and PT-NR). In situ heating 3D investigation of heat-induced metal 

redistribution in selected Au@Ag core-shell NPs was performed by high resolution 

HAADF-STEM ET using a DENSsolutions Wildfire MEMS-based heating sample 

holder, optimized for electron tomography. To induce alloying, all particles were heated 

at 450 °C for a total of 30 seconds. EDX mapping was performed for each particle before 

(0 seconds) and after heating (30 seconds) to confirm complete and uniform alloying at 

the final stage (Figure 8.11 for PT-NR). To investigate intermediate states, the heating 

process was interrupted after 10, 20 and 30 seconds by fast cooling (within less than 1 

second), down to room temperature. After every heating interval, a high resolution 

HAADF-STEM tilt series for tomography was acquired (Figure 8.10c, Table 8.4). From 

the 3D reconstructions, retrieved from every tilt series, the volumes of the investigated 

NPs were calculated. In this manner, we confirmed that the volume did not change for 

both of the studied NPs during heating (Figure 8.12). Given that both the volume and 

composition of all investigated NPs remained constant, it can be assumed that both Au 

and Ag redistributed only at the surface and within the volume of the presented NPs. To 
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minimize reshaping of the NPs upon heating, all particles studied in this work were 

coated by a 20 nm thick mesoporous silica-shell (m-SiO2).242 

 

Figure 8.10 (a) SC  AuNR @ AgNR and (b) PT AuBP @ AgNR studied during in situ 

heating experiment. (c) The magnified part of the NR2: HRSTEM and corresponding 

FFT demonstrating the achieved spatial resolution of ~60 pm. 

 

 

Figure 8.11 2D EDX mapping of NR2 before (a-c) and after heating for 600 seconds at 

450 °C (d-f). (g,h) Comparison between integrated line profiles based on the same 

region (green rectangle) of the 2D EDX elemental mapping before and after alloying. 

All scale bars are 10 nm. 

(a)                    (b)                      (c) 
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Table 8.4 Overview of the experimental parameters which are used for high resolution 

in situ heating tomography investigation of Au@Ag NPs. 

Sample preparation Drop casting of the aqueous solution 

TEM grids Si3N4-based Wildfire chips 

TEM Thermo Fisher Scientific Themis Z 

Voltage 300 kV 

Imaging mode STEM, (2048×2048) 

Detector HAADF, EDX 

HAADF frame time ~10 s 

Screen current 50 pA 

Sample holder 
DENSsolutions Wildfire heating 

tomography holder 

ET mode Incremental tomography 

Angular range/tilt increment  -70° : 2 : 70° 

Spatial resolution ~60 pm 

 

 

Figure 8.12 Relative volume change (red circles for NR1 and black diamonds for NR2) 

calculated from 3D reconstructions, and Au content values (blue circles for NR1 and 

green squares for NR2) 
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It is interesting to emphasize in Figure 8.13 that both particles slightly alter their 

orientations after each heating step (rotation by approximately 2°) and undergo subtle 

deformation. This phenomenon is most likely caused by the slight reshaping, e.g. 

shrinking, of m-silica shell, surrounding the studied particles. The slight reshaping of 

the particles studied in Sections 8.2 and 8.3 also serves as a proof of the certain 

flexibility of m-SiO2 under heating, allowing the Au and Ag atoms to participate in the 

surface diffusion. Due to the possible re-orientation of NPs during the heating, 2D high 

resolution HAADF-STEM or atomic resolution ET studies based on the limited in zone-

axis projections64 can become unfeasible if a single-tilt tomography holder is used. In 

this case, the reconstruction algorithm, described in more detail in Figure 3.14,201 can 

be used, since it does not necessitate the acquisition of the carefully oriented zone-axis 

projections. This will be discussed further in more detail. 
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Figure 8.13 The HAADF-STEM projections of NR2 taken along two different 

crystallographic directions (left and right columns) after each heating step. It should be 

noted, that while the HRSTEM insets and corresponding FFT show the similar 

orientation within each column, the projections are taken at slightly different tilt angles 

(±2°). Scale bars are 5 nm. 
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Following the restoration of the initial projections using CNN201 and careful alignment 

of each tilt series, all obtained tomography datasets were employed for conventional 

SIRT algorithm to monitor the diffusion of Au and Ag. This approach enabled me to 

discern individual atomic columns at various heating steps, as illustrated in Figures 

8.14a-c and 8.15a-d. It is important to note that the overall crystalline structure of both 

investigated NRs remained intact throughout the entire heating process. No lattice 

defects formed in NR1, and twin boundaries remained in both Au core and Ag shell of 

NR2. This observation led to the conclusion that no phase transitions, such as melting, 

occurred in the Au-Ag system at the temperatures used in this study. Furthermore, the 

ability to distinguish between the core and shell of the NRs allowed for the 

determination of the initial Au-Ag interface boundaries, as explained in Section 4.2. 

Upon closer examination of the Au core in NR1, it was observed that it is primarily 

surrounded by eight {520} lateral facets, accompanied by lower index facets at the tips, 

such as {100} and {110}, as depicted in Figure 8.16a and c. Likewise, the Au bipyramid 

in NR2 exhibited mainly {111} and {711} type faceting before heating, as shown in 

Figure 8.16b and d. 
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Figure 8.14 (a) 3D render of initial SC-NR, (b,c) central slices along [100] and [001] 

through the reconstruction after all heating steps. Individual atoms can be resolved at 

every heating time. (d) Linear intensity profiles corresponding to the blue arrows in (b). 
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Figure 8.15 (a,b) Side and top view on 3D render of initial PT-NR, (b,c) central slices 

along [111] and [110] through the reconstruction after all heating steps. Individual 

atoms can be resolved after every heating step. (e) Linear intensity profiles 

corresponding to the blue and red arrows in (c,d). 
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Figure 8.16 Side and top view on 3D render of segmented Au core in (a,c) SC-NR and 

(b,d) PT-NR before heating. The solid white lines correspond to the determined surface 

facets, whereas the dashed white lines in (a,d) highlight the position of {520}, {111} 

and {711} facets shown in (c,b). All scalebars are 5 nm. 

The described observations of the initial arrangement of elements and the presence or 

absence of lattice defects can serve as a foundation for the analysis of atomic 

redistribution based on crystallographic orientations and lattice dimensions. However, 

there are several limitations that impede further analysis. First, the conventional SIRT 

algorithm can effectively distinguish between core (Au) and shell (Ag) atoms only for 

the initial state of SC-NR and PT-NR. When alloying occurs, regions where Au and Ag 

are randomly intermixed contain atoms with intensity values falling between those 

corresponding to pure Au or Ag (as seen in Figure 8.14d and 8.15e). This apparent 
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reconstruction artifact can be caused by the insufficient data (missing wedge of 40°, 2° 

tilt step, experimental noise and sub-pixel misalignment between projections), where 

the huge number of two types of atoms should be resolved (>105 atoms). This artifact 

hinders a quantitative analysis of elemental diffusion and, thus, further analysis of 

diffusion processes at the nanoscale. To address these limitations, more advanced 

tomography reconstruction methods, for instance Sparse Sphere Reconstruction 

(SSR),66 was employed.  

In SSR, atoms are represented as 3D Gaussians, allowing for the direct estimation of 

atomic positions from the Radon transform of the tilt-series images.249,250 Known atomic 

sizes (rAu ≈ rAg ≈ 0.145 nm) can be expressed in pixels based on the experimental settings 

(such as the pixel size of the original projections). This approach eliminates the need 

for intermediate scattering potential calculations, which are often susceptible to noise 

and artifacts. To maintain the physical integrity of the reconstructed atomic structure, a 

regularization component is integrated into the optimization process.251 This component 

ensures that the intensity of each voxel is contributed by only one atom, penalizing 

atomic collisions and preventing unrealistic atomic configurations. Furthermore, 

relative intensity values of Au and Ag atoms can be derived from SIRT reconstructions 

of the initial SC-NR and PT-NR and used as input for SSR reconstructions. However, 

it's important to note that SSR faces challenges in multi-material or alloyed systems due 

to the difficulty in distinguishing atoms of different materials at boundaries. To address 

these complexities, an intermediate phantom material was introduced, having intensity 

values between those of Au and Ag (Figure 8.17a,c), to account for uncertain atomic 

states (Figure 8.17b). Additionally, due to the size of the obtained datasets (2048x2048 

pixel projections), the computational cost of the proposed technique may be prohibitive 

for full 3D reconstructions with the initial resolution using an average user's PC. In this 

work, the original projections were downscaled by a factor of 2, resulting in the 

reconstruction of only half of the volumes of SC-NR or PT-NR. The main drawback of 

downscaling is a reduction in the accuracy of atomic position determination, 

consequently limiting the ability to determine all atom positions in the studied 

nanoparticles. From Figure 8.17 it can be clearly seen that proposed approach could not 

resolve all atomic positions even in the initial core-shell  Au@Ag PT-NR, where the 
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boundary between Au and Ag is most distinct. To enhance SSR reconstructions, 

upscaling of the initial grid can be employed, for example, by 5-times subsampling of 

the original data. This enhances the accuracy of atom position determination to about 

(60/5) picometers accuracy. This approach also improves the alignment between 

projections, enabling more accurate 3D reconstructions. However, it comes at the cost 

of increased computational demands, requiring the use of computer clusters or 

supercomputers. 

  

Figure 8.17 Slice taken from SSR reconstruction along [011] zone axis showing 

determined (a,b,c) Ag, phantom and Au atoms positions. (d) Overlapping of the atoms 

shown in (a,b,c). Red, green and red colour correspond to Ag, phantom and Au atoms. 
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8.5 Conclusions 

By combining fast electron tomography with an in situ heating holder and elemental 

diffusion simulations, I was able to quantitatively investigate the influence of size, 

aspect ratio, core morphology and the presence of twin boundaries on the dynamics of 

alloying of Au@Ag core-shell NPs in 3D. I observed that the diffusion dynamics do not 

depend on the crystallographic direction and type of interfacial facets between Au and 

Ag in an fcc lattice. On the other hand, I obtained evidence showing that the presence 

of twin boundaries significantly increased the value of the atomic diffusion coefficient, 

presumably due to the formation of distortions and vacant sites in the crystal lattice, 

facilitating the diffusion of atoms. In contrast, the specific details of interfacial crystal 

planes did not appear to make a big difference in the diffusion coefficient. It is also 

concluded that the values of the obtained diffusion coefficients are in the same range as 

tabulated values for bulk materials, which indicates a minor influence of particle volume 

on the alloying kinetics of NPs. Finally, for small nanorods, with a diameter of 10 nm, 

surface effects were observed to dominate over elemental diffusion.  

To establish a direct correlation between diffusion dynamics and the presence of twin 

boundaries, high resolution HAADF-STEM ET was employed for SC and PT Au@Ag 

nanorods. More specifically, the goal of this work is to visualize the difference in the 

kinetics of the volume diffusion depending on the local lattice distortions, e.g. in the 

vicinity of twin boundaries vs. the single-crystalline regions. While this technique can 

clearly visualize individual atoms at each heating step, conventional algorithms, such 

as SIRT, struggle to distinguish between Au and Ag in the later stages of alloying. These 

limitations pose challenges for further analysis of heat-induced elemental redistribution 

at the atomic scale. Therefore, future work will leverage advanced reconstruction 

algorithms, such as SSR. However, it's important to note that the computational cost of 

these algorithms is high, requiring the utilization of computer clusters or 

supercomputers.  
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Chapter 9. General conclusions and outlook 

In this chapter, a general conclusion is drawn regarding the methodologies and insights 

presented in this thesis. It also entails a discussion of future perspectives for the research 

presented in this thesis, along with the demonstration of promising results that will 

motivate further exploration. 

9.1 Conclusions 

As indicated in the title of this thesis, the primary objectives of my research were to gain 

a deeper understanding of the growth mechanisms of various chiral Au NPs and to 

examine the thermal stability of Au@Ag NPs. I demonstrate that ET serves as a 

powerful and versatile set of methods for conducting comprehensive compositional and 

morphological analysis of such nanomaterials in 3D. The complex nature of the 

morphologies under investigation and the redistribution of constituent elements 

necessitated the application of the following ET techniques: 

• Conventional HAADF-STEM ET 

• Multimode ET 

• Atomic resolution ET 

• Combined HAADF-STEM  ET and 3D-ED 

• Fast in situ heating ET 

In the first part of my doctoral research I was able to trace morphological evolution of 

Au NPs during chiral crystal growth in the presence of different chirality inducing 

surfactants. First, intrinsic chirality of produced NPs was observed and quantified in 

3D. The obtained results were in an excellent agreement with optical spectroscopy 

measurements and electromagnetic simulations of chiroptical properties. In addition, I 

performed facet analysis of intermediate structures to validate the hypothesis that chiral 

growth is ensured by site specific adsorption of organic surfactant, thus, controlling the 

formation of certain chiral features. In that manner, it is illustrated that controlling the 
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synthetic conditions, e.g. type and concentration of surfactant, allows to produce various 

chiral Au NPs. 

The second part of my thesis is devoted to the investigation of the thermal stability of 

Au@Ag NPs. Studying individual NPs in 3D after several heating steps allowed me to 

draw several conclusions regarding the elemental redistribution at the nanoscale. First, 

it was demonstrated that volume diffusion has dynamics similar to that in bulk materials 

and is not dependent on the morphology and the type of Au-Ag interface in the studied 

NPs. However, faster diffusion is observed in the presence of twin boundaries, which 

may be related to the presence of lattice distortions that facilitate atomic transport within 

the fcc lattice of Au and Ag. 

9.2 Outlook 

There are several directions for further development of the methods proposed in this 

thesis that remain to be explored. Promising advancements for the research presented in 

this thesis can be categorized into three main topics discussed further. 

9.2.1 Visualization of surfactant molecules in TEM 

The major drawback of (S)TEM studies when investigating the interaction of metallic 

NPs with organic molecules during crystal growth is that most of these studies are 

conducted under high vacuum conditions. In such cases, the arrangement of surfactant 

molecules on the surface of NPs in a dried-out state can significantly differ from their 

deposition under actual synthetic conditions, e.g. in water solutions. One approach to 

overcome this constraint is to utilize environmental cells that contain a sealed reservoir 

with a viewing window fabricated from Si3N4 or SiO2.252–254 While these liquid cells 

have facilitated the study of nanoscale phenomena, their relatively thick (up to 100 nm) 

and relatively high atomic number (Z) element windows result in poor electron 

transmittance, leading to reduced sensitivity and a resolution that falls short of true 

atomic-resolution imaging. Moreover, the design of liquid holders restricts the tilting 

range of the sample, which is insufficient for ET studies. To address this limitation, a 
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solution can be found in the use of graphene encapsulation. This high-resolution liquid 

cell is prepared by encapsulating a solution between two laminated graphene layers 

suspended over holes in a conventional TEM grid (see Figure 9.1).255,256 

 

Figure 9.1 Idealized illustration of local graphene liquid cell encapsulating growth 

solution of ~4 nm Pt NPs.255  Adapted under the terms of the Science Journals Default 

License (Copyright © 2012, American Association for the Advancement of Science). 

While the preparation of specimens in this method presents challenges and requires 

further optimization, it offers the advantage of capturing the studied solution within two 

atomic-thick layers of C, ensuring optimal electron transmittance. In this way, I 

conducted a preliminary experiment where the liquid graphene encapsulation of Au 

NRs@CTAC solution was successfully achieved. In Figure 9.2a,b, the hole in the 

quantifoil Cu grid is shown containing the solution with Au NRs enclosed by two layers 

of graphene. The double layer of graphene is confirmed with SAED, revealing two 

patterns corresponding to graphene layers slightly rotated in respect to each other 

(Figure 9.2c). It's worth noting that (S)TEM studies often involve high electron doses, 

which can lead to the decomposition of beam-sensitive organic molecules, e.g. 

surfactants. However, careful selection of experimental parameters can still allow for 

the visualization of organic ligands, as demonstrated in the case of nicotinamide adenine 

dinucleotide (NADH) molecules adsorbed on the surface of Au NRs.257 These results 

were obtained by acquiring a series of high-resolution TEM images, followed by an exit 

wave reconstruction (EWR).258 Hence, it can be concluded that the combination of 

graphene liquid encapsulation with EWR studies holds the potential for deeper insights 
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into the adsorption of helical micelles on the surface of metallic NPs during the chiral 

growth and can be explored in the near future. 

 

Figure 9.2 (a,b) BF-TEM images of Au NR@CTAC solution, encapsulated between 

two graphene layers on a quantifoil Cu grid. (c) SAED pattern taken from left top corner 

in (a), where only the double layer of graphene is expected. ED pattern corresponding 

to two graphene layers slightly rotated in respect to each other was observed. 

9.2.2 Investigation of various chiral nanomaterials 

Chapter 6 of this thesis highlights the potential of simultaneously examining highly 

asymmetric nanoparticles in both real (ET) and reciprocal (3D-ED) space, enabling the 

correlation between surface features, such as surface facets, and the actual 

crystallographic orientations of the studied crystals. Nevertheless, several 

improvements are needed to broaden the potential applications of this approach in the 

near future. To ensure the reliable investigation of crystal structures with unknown 

structural parameters, it is essential to carefully calibrate both HAADF-STEM and 

SAED measurements. It is worth noting that the studies in this thesis focused on Au or 

Au-Ag NPs with a well-known fcc crystal lattice, and, therefore, the calibration of ED 

datasets lied out of the scope of this work. Additionally, manual alignment between 

HAADF-STEM and ED reconstructions was necessary due to the misalignment of 

original datasets obtained with different detectors (HAADF-STEM detector and CCD 

camera). Therefore, automating the alignment of 3D reconstructions is imperative to 

allow for more precise analysis of the morphology and crystal structure of the studied 

nanomaterials. 
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With these improvements, the utilization of combined HAADF-STEM ET and 3D-ED 

can be extended to other types of nanomaterials. For example, a more detailed 

examination of the crystal structure and shape of chiral Te NPs259,260 can be conducted 

simultaneously. Figure 9.3 illustrates the screw dislocation-mediated formation of left 

and right-handed Te NPs,260 although 3D level information is lacking. In such cases, the 

suggested method will facilitate a clear and direct correlation between the crystal 

structure and the intricate morphologies of the studied nanomaterials. 

 

Figure 9.3 Determination of crystal structure and shape handedness of (a) Left-handed 

(M, P3221 space group) and (b) right-handed (P, P3121 space group) Te nanocrystals: 

(Left) Low-resolution, (middle) high-resolution HAADF-STEM images and (right) a 

corresponding atomistic model observed along the (a) and (b) zone axes.260 Adapted 

under the terms of the Science Journals Default License (Copyright © 2021 American 

Association for the Advancement of Science). 
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9.2.3 Advanced reconstruction algorithms for high resolution 

ET of complex NPs 

In addition to the utilization of powerful computing facilities, the attainment of atomic 

resolution in ET can be progressively augmented through the continuous advancement 

and refinement of (S)TEM correctors, detection devices, and investigative techniques, 

such as 4D-STEM or iDPC. Moreover, several data acquisition modes can be employed 

to increase the volume and quality of input data for tomography reconstruction, as is the 

case with multimode ET. Consequently, I hold a strong belief that, in the future, we will 

be capable of conducting atomic resolution investigations on multicomponent 

nanomaterials, which would not only enable the visualization of heavy elements but 

also allow for the precise determination of light elements and even crystal lattice 

vacancies. The presence of vacant sites in the crystal lattice significantly reduces the 

activation energy for atomic transport, thereby facilitating volume diffusion. Thus, the 

ability to visualize vacancies will also be useful for diffusion studies.  
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Summary 

Nanomaterials play a crucial role in diverse scientific and technological domains owing 

to their distinctive optical and catalytic properties derived from their elevated surface-

to-volume ratio and dimensional constraints, which are characteristics that are not 

inherent in bulk materials.261–263 Achieving optimized control over their unique 

properties necessitates meticulous tuning of the size, shape, and composition of 

nanomaterials.264 Such tuning became feasible by the rapid advancements in synthetic 

methodologies, such as wet colloidal synthesis.265,266 Furthermore, alongside the 

synthesis of diverse nanomaterials, a comprehensive characterization of the resultant 

structures enabled unveiling the true morphology and elemental distribution. Electron 

tomography (ET) has hereby merged as a robust and versatile technique for 

investigating nanomaterials in three dimensions (3D), offering high chemical sensitivity 

and spatial resolution.101,105,135 

The need of ET investigations has increasingly grown with the rapid advancement of 

synthetic techniques, facilitating the production of monometallic and bimetallic 

nanoparticles (NPs) with diverse sizes and complex structures.25 In many cases, 

extracting 3D atomic-level information is of crucial importance, particularly when 

studying sub-nanometer features and crystal defects. Furthermore, only visualization of 

the morphology of synthesized NPs is often not sufficient, and a detailed analysis of the 

growth mechanisms is necessary to achieve a precise control over the synthesized 

particles parameters, as well as to connect their e.g. optical properties to the 3D 

structure. Such studies will be increasingly more challenging for more complex 

morphologies such as, e.g., chiral NPs that are highly promising because of their 

chiroptical properties. It is important to note that NPs carefully synthesized to yield 

specific properties may undergo degradation during their application, leading to changes 

in their useful properties and applicability. To elucidate the relationship between 

structure and stability, in situ ET experiments should be conducted to investigate the 

influence of external stimuli on the NP structure and properties. 
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In the following sections, I will outline the efforts undertaken in my PhD project to 

enhance different ET techniques and to perform a quantitative 3D analysis of various 

NPs. 

The first chapter of this thesis provides an introduction to plasmonic NPs, including 

their properties and applications. Next, the chapter delves into the concept of highly 

asymmetric chiral NPs, followed by an overview of bimetallic NPs together with a 

discussion of their thermal stability. Finally, the necessity of advanced ET 

characterization for both types of NPs is discussed. 

Chapter 2 offers a detailed description of ET for 3D characterization of nanomaterials. 

It focuses on High-Angle Annular Dark Field Scanning Transmission Electron 

Microscopy (HAADF-STEM) as the basis for ET and provides an in-depth explanation 

of the technique. Then the thesis will continue with the original contribution, discussed 

in 2 parts. 

 

Part 1 of my thesis is dedicated to the application of advanced ET techniques for the 

comprehensive characterization of various chiral nanostructures. Both qualitative and 

quantitative analyses of Au NPs morphology are conducted, considering different 

asymmetric inducers that result in various chiral morphologies.  

The aim of Chapter 3 is to provide an overview of the chiral growth mechanisms of 

various NPs, that are currently understood. In continuation, I introduce advanced ET 

approaches that can enhance further understanding. 

In Chapter 4, atomic resolution ET is employed to investigate the role of the surface 

facets of single-crystalline (SC) and pentatwinned (PT) Au seeds during chiral 

nanocrystal growth using enantiomers of cysteine as a surfactant. 

Chapter 5 demonstrates the use of HAADF-STEM tomography for the visualization of 

a symmetric Au core within the overgrown chiral features, obtained by helical CTAC-

BINAMINE micelles. 
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Chapter 6 introduces the combination of HAADF-STEM tomography with electron 

diffraction (ED) tomography to simultaneously provide information on surface faceting 

and crystallography of the studied NPs during chiral growth. 

 

Part 2 focuses on investigating the stability of core-shell Au@Ag NPs with varying 

shapes, sizes, compositions, and defect structures under heating conditions.  

In Chapter 7 I discuss the development of fast ET and its combination with in situ 

heating holders, optimized for in situ heating tomography.  

In Chapter 8, fast tomography is combined with an in situ heating holder to analyze 

heat-induced interdiffusion processes in various Au@Ag NPs in 3D. In addition, atomic 

resolution in situ heating tomography is performed to examine enhanced diffusion 

phenomena in the presence of twin boundaries. 

In the Conclusions and Outlook section, I present the overall outcomes of this thesis 

and provide a perspective on the future application of the developed techniques for 

characterizing novel nanomaterials. 
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Samenvating 

Nanomaterialen spelen een cruciale rol in verschillende wetenschappelijke en 

technologische domeinen vanwege hun specifieke optische en katalytische 

eigenschappen. De eigenschappen van de nanomaterialen verschillen sterk van het bulk 

materiaal en hangen sterk samen met de oppervlakte/volume verhouding.261–263  Om 

deze unieke eigenschappen te bestuderen moet de grootte, vorm en samenstelling van 

nanomaterialen worden bepaald.264  Het verfijnen van deze parameters is mogelijk door 

de snelle vooruitgang in verschillende synthese methodes, waarvan colloïdale synthese 

en voorbeeld is.265,266 Daarnaast is een uitgebreide karakterisering noodzakelijk om de 

ware morfologie en elementaire distributie van de nanodeeltjes te onderzoeken. 

Elektronentomografie (ET) is een robuuste en veelzijdige techniek die gebruikt wordt 

om nanomaterialen in drie dimensies (3D), met een hoge chemische gevoeligheid en 

ruimtelijke resolutie te onderzoeken.101,105,135 

ET wordt steeds belangrijker in het onderzoek naar nanodeeltjes door de snelle 

vooruitgang van synthese methodes. Deze methodes maken het mogelijk om 

monometallische en bimetallische nanodeeltjes (NDs) met verschillende afmetingen en 

complexe structuren te produceren.25 Het verkrijgen van 3D informatie op atomair 

niveau is voor deze NDs van cruciaal belang, vooral bij het bestuderen van 

kristaldefecten en kenmerken met subnanometer grootte. Echter, de visualisatie van de 

3D morfologie van gesynthetiseerde NDs is vaak onvoldoende. Een gedetailleerde 

analyse van de groeimechanismen is noodzakelijk om een nauwkeurige controle over 

de parameters van de nanodeeltjes te verkrijgen en om hun optische eigenschappen te 

linken aan de 3D structuur. Dergelijke studies worden nog uitdagender voor complexe 

structuren zoals chirale NDs. Deze zijn veelbelovend vanwege hun chiroptische 

eigenschappen. Het is belangrijk op te merken dat NDs tijdens hun toepassing 

structurele degradatie kunnen ondergaan, wat kan leiden tot veranderingen in hun 

nuttige eigenschappen. Om de relatie tussen structuur en stabiliteit te verduidelijken, 

moeten in situ ET experimenten worden uitgevoerd om de invloed van externe stimuli 

op de ND structuur en hun eigenschappen te onderzoeken. 



193 
 

In de volgende secties licht ik toe welke stappen ik ondernomen heb in mijn PhD project 

om verschillende ET technieken te verbeteren en om een kwantitatieve 3D analyse van 

verschillende NDs uit te voeren.  

In het eerste hoofdstuk van dit proefschrift wordt een inleiding over plasmonische 

NDs, inclusief hun eigenschappen en toepassingen gegeven. Vervolgens wordt dieper 

ingegaan op het concept van asymmetrische chirale NDs, gevolgd door een overzicht 

van bimetallische NDs en een bespreking van hun thermische stabiliteit. Tenslotte wordt 

de noodzaak van geavanceerde ET karakterisering voor beide types NDs besproken. 

Hoofdstuk 2 bevat een gedetailleerde beschrijving van ET voor de 3D karakterisering 

van nanomaterialen. Er wordt gefocust op hoge hoek verstrooide ringvormige 

donkerveld raster transmissie elektronen microscopie (High-Angle Annular Dark Field 

Scanning Transmission Electron Microscopy, HAADF-STEM) als basis voor ET. 

Vervolgens wordt de thesis opgesplitst in 2 delen. 

Deel 1 van mijn thesis is gewijd aan de toepassing van geavanceerde ET technieken 

voor de uitgebreide karakterisering van verschillende chirale nanostructuren. Zowel 

kwalitatieve als kwantitatieve analyses van de morfologie van Au NDs worden 

uitgevoerd,  rekening houdend met verschillende asymmetrische inductoren die leiden 

tot verschillende chirale vormen. 

Hoofdstuk 3 geeft een overzicht van de chirale groei mechanismen bij verschillende 

gekende NDs. Om deze groeimechanismen beter te begrijpen introduceer ik vervolgens 

geavanceerde ET benaderingen. 

In Hoofdstuk 4 wordt atomaire resolutie ET gebruikt om de rol van facetten te 

bestuderen aan het oppervlak van eenkristallen (single-crystalline, SC) en bij 

vijfvoudige tweelingvlakken begrensde (pentatwinned, PT) Au zaden. Dit doe ik tijdens 

de groei van deze chirale nanokristallen met behulp van eantiomeren van cysteine als 

oppervlakte-actieve stof. 

Hoofdstuk 5 demonstreert het gebruik van HAADF-STEM tomografie door het 

visualiseren van een symmetrische Au kern die overgroeid is met chirale structuren. 
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Deze is verkregen met helische CTAC-BINAMINE micellen als oppervlakte-actieve 

stof. 

Hoofdstuk 6 introduceert de combinatie van HAADF-STEM tomografie met 

elektronendiffractie (ED) tomografie om gelijktijdig de facetten aan het oppervlak en 

de kristallografie van NDs te bestuderen, tijdens de chirale groei. 

Deel 2 focust op het onderzoek van de stabiliteit van kern-schil Au@Ag NPs met 

verschillende vorm, grootte, samenstelling en defecten tijdens opwarming. 

In Hoofdstuk 7 bespreek ik de ontwikkeling van snelle ET en de combinatie met in situ 

opwarming houders, geoptimaliseerd voor in situ tomografie. 

In Hoofdstuk 8 wordt snelle tomografie gecombineerd met de in situ opwarming 

houder om interdiffusie processen geïntroduceerd door warmte te bestuderen voor 

verschillende Au@Ag NDs. Daarnaast wordt atomaire resolutie in situ tomografie 

uitgevoerd om verbeterde diffusiefenomenen in de aanwezigheid van tweelinggrenzen 

te onderzoeken. 

In de Conclusie en Vooruitzichten secties, presenteer ik de algemene resultaten van 

dit proefschrift en bespreek ik mogelijke toekomstige toepassingen voor de 

ontwikkelde technieken voor het karakteriseren van nieuwe nanomaterialen. 
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