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Abstract 

The research presented in this cumulative thesis focuses on the development of the 

methodology of low-voltage aberration-corrected high-resolution transmission electron 

microscopy (LV-ACHRTEM) for stimulating and observing metal involved molecular 

chemical reactions. The dissertation is based on four peer-reviewed journal articles, which 

were the result of an interdisciplinary research involving TEM technology, chemistry, 

catalysis, material science and physics being conducted at the Electron Microscopy Group of 

Materials Science at Ulm University. 

In TEM, the interactions between the incident high-energetic electrons and the sample atoms 

endow scientists with the opportunities to explore the structural and spectral information of 

materials. For bio-molecules, great advances have been recently demonstrated in cryo-TEM 

taking advances of direct electron detection and improved data reconstruction techniques [1]. 

With the development of aberration correctors, atomically-resolved TEM imaging became 

reality, provided that the interactions between the incident electrons and the sample do not 

prevent this. Now, for the first time, there is the potential for discovering the atomic structure 

and dynamic of materials and even single molecules. This gives the opportunity to realize the 

ultimate target of chemistry: observing and controlling molecular reactions at the atomic 

level. Nowadays, studying molecule with atomic resolution represents itself one very 

challenging areas of TEM. Individual molecules including inorganic molecules ([W6I14
2-]n, 

fullerene etc.) [2, 3] and organic molecules (ortho-carborane, C3-tribromide etc.) [4, 5], have 

been investigated by ACTEM for studying their structure and/or dynamics. 

Although the high-energy incident electrons are unavoidable for TEM experiments, they 

inevitably can damage the specimen during the experiment [6]. It is the ‘observer effect’ in 

TEM, which means incident electrons necessarily change the specimen. The damage in TEM 

includes knock-on damages, radiolysis and heating [7]. Low-voltage transmission electron 

microscopy [8], low-dose imaging techniques [9], and cryo-TEM [10] are the main methods 

that have been developed for protecting specimens from beam damage. The only possible 

way to lower the specimen’s knock-on displacement damage threshold is reducing 
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the accelerating voltage of incident electrons. LV-ACHRTEM defined for accelerating 

voltages lower than 80 kV, becomes the most powerful tool to study the electron-irradiation-

sensitive materials like graphene [11], carbon nanotubes [12] and 2D transition metal 

dichalcogenide [13], to name a few of them. 

In this work, transition metal molecules including transition metal clusters contain metal 

atoms less than 30 and transition metal diatomic molecule are the objects of study for 

investigating the catalytic performance and dynamics, nucleation process and confirming the 

existence of metal diatomic molecule. For the LV-ACTEM experiment of transition metal 

molecules, it is important and necessary to understand how the electron beam affects 

different molecules through its interactions. Furthermore, the aim is to applying high 

energy electron beam as a stimulus for driving molecular reactions and simultaneously as 

a probe for monitoring the reaction with atomic resolution. Furthermore, we may be able to 

create new structures by manipulations with the electron beam. 

Combining with the LV-ACHRTEM technology, we utilize the kinetic energy transferred 

from the incident electron beam to the atoms in the specimen to stimulate and image the 

metal-related molecular reactions. A single walled carbon nanotube (SWNT) with its 

properties of excellent electrical and thermal conductivity, atomic thin and tough structure is 

applied as nano test tube for the encapsulating molecule-level transition metal clusters and 

Rhenium diatomic molecule [Ⅰ-Ⅳ]. Owing to the good electrical and thermal conductivity of 

SWNT, the ionization and heating processes caused by inelastic scattering are negligible. 

The inevitable elastic scattering is the main interaction between the electron beam and our 

system. The kinetic energy transferred from the incident electron beam to the specimen by 

elastic scattering are determined by the accelerating voltage and precisely controlled by the 

dose rate to stimulate the physical and chemical processes with similar threshold energy. 

Thus, by approach and after careful analysis of time-dependent image series, image 

calculations and theoretical modelling, the atomic dynamics of the growth of SWNT 

catalyzed by Re cluster are directly observed [Ⅰ]; the carbon reconstruction reactions 

catalyzed by 14 kinds of transition metal clusters are imaged with atomic resolution and are 

semiquantitatively compared [Ⅱ]; the in-situ nucleation of metal nanocrystals are realized 

and observed which proved the nucleation of metal to undergo the two-step nucleation 
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mechanism [Ⅲ]; the Rhenium diatomic molecule containing alterable multiple bond are 

discovered [Ⅳ]. 

 

Layout of this dissertation 

Chapter. ‘Motivation and the state of the art’ 

In this chapter, the backgrounds and aims for each paper are presented. The aim of this 

dissertation as a whole can be summarized by: The study of the structure-size-property 

relationship of transition metal molecules by in-situ AC-HRTEM. 

Chapter. ‘Theoretical and Experimental Basics’ 

1. ‘Low-voltage aberration-corrected high-resolution TEM’ 

The instruments and the basic theory of high-resolution TEM applied in the four 

publications are discussed. The development of aberration-corrected TEM as well as the 

SALVE project is introduced. Characteristics and specifications of the Cs-corrected FEI Titan 

80-300 instrument and the CC/CS -corrected SALVE instrument are presented. The 

theoretically background of high-resolution TEM and related TEM image simulation are 

introduced. 

2. ‘Nano test tube for molecular reaction investigation’ 

The sample preparation method is presented. SWNT is applied as nano test tube for 

confining metal molecules including small metal clusters and metallic diatomic molecules. 

The methods of how the over 15 kinds of metal molecules are filled and obtained in the 

cavity of the SWNT are presented. The advantages of applying SWNT as nano test tube for 

molecular reaction investigation in TEM are discussed. 

3. ‘Interactions between incident electrons and atom’ 

The mechanism of the interactions between the incident electrons and the single atoms are 

presented and discussed. The interactions including elastic scattering, quasi elastic scattering 
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and inelastic scattering are shown. The theoretical calculation of differential cross section 

and kinetic energy of quasi elastic scattering, as well as the theoretical calculation and 

experimental measurement of total cross section of inelastic scattering are presented. 

4. ‘Evaluation of quasi elastic and inelastic scattering for electron stimulated molecular 

reaction’ 

The mechanism of how quasi elastic and inelastic scattering affect molecule and the 

principle of utilizing the kinetic energy transferred from incident electrons to single atoms 

for stimulating reaction are described. The kinetic energy transferred from incident electron 

to atoms in molecule has been applied for stimulating the molecular reactions. The method 

for estimating the threshold energy of electron beam stimulated molecular reaction is 

presented. 

5. ‘Experimental conditions and image evaluation methods’ 

The experimental conditions and two image evaluation methods applied in this dissertation 

are presented. The image evaluation method for quantifying crystallinity of cluster and the 

method for measuring the bond length of diatomic molecule in SWNT are shown. 

6. ‘Calculation of mechanism of molecular reactions by DFT’ 

Density functional theory (DFT) is applied for revealing the energy of metastable state of 

molecule during reactions and the mechanism of reactions. One DFT calculation example 

demonstrating the metal atom catalyzing defect formation in the graphenic lattice due to the 

metal-carbon bonding is presented. 

Chapter. ‘Conclusion and Outlook’ 

In this chapter, the conclusion of the whole dissertation and four papers are drawn. The 

outlook of the methodology applied in these works is discussed. 
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Motivation and the State of the Art 

Owning to the incomplete d shell, transition metals exhibit abundant chemical properties 

including excellent catalytic performance like catalysing the cleaving and formation of 

carbon-carbon bonds [14], flexible chelation with organic ligand like haemoglobin [15], and 

even form diatomic molecule containing multiple bonds [16]. The atomic structure and size 

of the transition metal molecules and small metal clusters have strong influence on their 

properties. Understanding the connections between the structure, size and the property of the 

transition metal molecule or small metal nanoclusters is necessarily for creating powerful 

catalysts or new transition metal based compounds [16, 17]. Thus, the dynamics of reactions 

of transition metal diatomic molecules and small metal nanoclusters are the target of the 

dissertation. As method we applied atomic-resolution low-voltage aberration-corrected 

TEM (Cs-corrected TEM and the unique Cc/Cs corrected low-voltage TEM “SALVE”) 

together with image evaluation and density functional theory calculations to understand 

the probability of the observed dynamics of reactions 

In the following, the basic questions to be solved in the corresponding papers are mentioned 

together with the state of the art related to this paper. 

Direct correlation of carbon nanotube nucleation and growth with the atomic structure 

of rhenium nanocatalysts stimulated and imaged by the electron beam               (Paper Ⅰ) 

K. Cao et. al. Nano Letters, 18, 6334-6339, (2018). 

Question 1. What is the relationship between the structure of the metal catalyst and its 

catalytic performance during SWNT growth? 

Question 2. Could the electron beam solely stimulate the growth of SWNT catalyzed by metal 

molecule? 

Metal catalyzed SWNT growth by chemical vapor deposition (CVD) is one of the main 

methods to produce SWNTs [18]. Normally small organic molecules are applied as carbon 

source and cleaved by metal catalysts with thermal energy [19]. The cleaved carbon atoms 

reconstruct and grow into SWNT on the surface of metal catalysts. However, the produced 

SWNTs always have diverse chiral structures, which are not convenient for further 
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applications [20]. Theoretical simulations predicted that the atomic structure of the metal 

catalysts are not stable and behave like liquid state which makes the chirality of produced 

SWNTs non-uniform [21]. Therefore, it is important to discover the relationship between the 

structures of metal catalysts and SWNT. In situ TEM experiments have been utilized to 

investigate metal catalyzed SWNT growth stimulated by thermal energy [22-26]. Ming Lin et. 

al. presented the direct observation of SWNT growth catalysed Ni-MgO under acetylene 

atmosphere at 650 ℃ [23]. A slow initial stage of carbon cap nucleation on Ni, followed by a 

period of fast growth is discovered. However, being limited by the resolution of TEM, the 

atomic structure and dynamic of the nanocatalyst had not been resolved. Julio A. Rodríguez-

Manzo et. al. presented the in situ nucleation of CNTs by Fe, Co, Ni and FeCo nanocatalysts 

at 600 - 900 ℃ in vacuum under 300 kV electron beam irradiation [25]. Instead of using 

organic molecule as carbon source, the host carbon nanotubes provide carbon atoms for the 

growth of new SNWT (Figure 1.1). The authors guessed ‘Presumably carbon atoms are 

knocked into the particleby the energetic electrons of the microscope beam.’ However the 

influence of the electron beam irradiation during SWNT growth has not been evaluated and 

the atomic dynamic of the transition metal nanocatalysts has not been directly observed.  

 

Figure 1.1, In situ observation of SWNT growth in a multi-walled carbon nanotube catalyzed by a Fe 

nanocatalyst at 900 ℃ in vacuum under 300 kV electron beam irradiation with intensity of 200 A cm-2 [25]. © 

2007 Nature Publishing Group 
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Comparison of atomic scale dynamics for the middle and late transition metal 

nanocatalysts                                                                                                              (Paper Ⅱ) 

K. Cao et. al. Nature communications, 9, 3382, (2018). 

Question 1. What is the relationship between the structure of the metal catalysts and their 

catalytic performance during carbon reconstruction? 

Question 2. Could the catalytic performance of different transition metal molecules be 

directly compared by in-situ TEM observation with atomic resolution? 

Transition metal clusters are wildly applied as nanocatalysts which combine the advantages 

of heterogeneous and homogeneous catalysts [18]. The metal catalyzed carbon reconstruction 

like catalytic cracking reaction and catalytic reforming reaction in heavy oil industry is very 

important for human's subsistence and development[27]. Catalysis of chemical reactions by 

nanosized clusters of transition metals holds the key to the provision of sustainable energy 

and materials. However, the atomistic behaviour of nanocatalysts still remains largely 

unknown due to uncertainties associated with the highly labile metal nanoclusters changing 

their structure during the reaction [28-31]. 

 

Figure 1.2, Schematic representation of the trends observed by 80 keV AC-HRTEM in group VIII metals 

inside SWNTs. The behavior of the metal clusters is determined by a balance of the physicochemical properties 

of the metals, including cohesive energy, stability of the carbide phases, and energies of Metal–Carbon π- and 

σ-bonding. Overall, the metal-assisted electron beam induced ejection (EBIE) processes increase and the metal-

assisted electron beam induced restructuring (EBIR) processes decrease down the group VIII triad: Fe–Ru–Os 

[32]. © 2016 John Wiley & Sons 
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In situ TEM is one of the most powerful methods for investigating the atomic dynamics of 

nanocatalysts during catalytic reactions. The studies in our previous published papers 

demonstrate the reconstruction of carbon can be catalyzed by transition metal molecules 

under electron beam irradiation [33, 34]. In addition, the catalytic performance of different 

transition metal molecules in the Group Ⅷ and Period Ⅵ of periodic table have been 

compared by direct TEM observations (Figure 1.2) [32]. Thus, it is necessarily and 

meaningful to extend the systematic observation and comparison to the whole transition 

metal area. 

 

Atomic mechanism of metal crystal nucleus formation                                        (Paper Ⅲ) 

K. Cao et. al. Submitted. 

Question 1. What is the atomic mechanism for metal nanocrystal nucleation? 

Question 2. Could the atomic dynamic of metal nanocrystal nucleation be directly observed? 

 

 

Figure 1.3, According to classical nucleation theory, nucleation proceeds as a one–step process (left). Recent 

experimental and computational studies have pointed to more complex mechanisms, referred to as two-step 

nucleation (right) [35]. © 2013 American Association for the Advancement of Science. 

Nucleation of metal nanocrystal and the process how the metal crystal nucleus gradually 

forms from single metal atoms by gathering additional atoms, lies at the heart of the 

crystallization process and determines the structure and size distribution of crystals [36, 37]. 

In the literature, two theories including ‘classical nucleation theory’ and ‘two-step nucleation 

mechanism’ have been developed over the years to describe the nucleation of crystals (Figure 
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1.3) [35]. However, the mechanism of the metal nanocrystal nucleation remains unknown 

[38]. 

Various analysis techniques, such as X-ray diffraction, atomic force microscopy, optical 

microscopy, are commonly applied to study the nucleation of organic and inorganic 

substances [39-41]. Being fundamentally limited in terms of the spatial resolution or 

temporal resolution that can be achieved, these approaches are not able to access information 

about the initial state of nucleation at the atomic scale. The liquid-cell TEM technology is 

contributing by enabling imaging of the growth processes of metal nanocrystals (Pt, Bi, Au 

etc.) and inorganic compounds nanocrystals (Pt3Fe, PbS etc.) in solutions in real time [42-47]. 

Nevertheless, the sheer volume of the liquid and the material of the liquid-cell used in these 

studies inevitably scatter electrons during the TEM imaging process, which combined with 

the lack of control over the location and rate of the seed nucleation as well as the ephemeral 

nature of the nucleation process precludes the observation of very early stages of nucleation 

with atomic resolution. The cryo-TEM approach allows imaging of the different nucleation 

states of inorganic and organic compounds, such as CaCO3, Fe3O4 and dyes-perylene 

diimides in solution, which are frozen and suspended so that the nucleation processes is 

measured in discrete ex situ steps rather than as a continuous in situ observation of individual 

particle evolving over time [48, 49]. Despite the rich variety of the different methods utilized 

to study the crystallization process, the atomistic mechanisms of the embryonic stages of 

crystal formation still remain unknown primarily because of the lack of spatial and temporal 

resolution, and the inability of diffraction methods to analyze sub-nm species with disordered 

structure. Therefore, a conceptually new experimental approach is urgently needed enabling 

direct observation of the nucleation at atomic level in real time, and allowing observation to 

be conducted in a controlled and well-defined environment [50]. 
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Dynamics of dirhenium molecule with variable multiple bond                            (Paper Ⅳ) 

K. Cao et. al. Submitted. 

Question 1. Does metallic diatomic molecule exists and could be directly observed? 

Question 2. What is the chemical structure of metallic diatomic molecule? 

A metallic homonuclear diatomic molecule is formed by binding two same metal atoms with 

metallic bonds. This kind of diatomic molecule is the core of numerous compounds 

containing metal-metal component. Multiple metallic bonds could form in these diatomic 

molecules and compounds which relates to millions of chemical reactions. Since the 

discovery of the Re–Re quadruple bond in [Re2X8]
2- in 1964 [16, 51], the global effort in 

understanding metal-metal bonds has been growing strongly [52]. One of the key challenges 

for studying these molecules is to stablish the bond order of Metal-Metal (M-M) which 

varies from 1 to 5 and determines fundamental properties such as spectral properties and 

chemical properties [52]. Spectroscopic methods such as nuclear magnetic resonance (NMR), 

infrared spectroscopy (IR), and ultraviolet-vis spectroscopy, and X-ray diffraction (XRD) are 

typically utilized [53-55]. The latter is particularly important as it allows measurement of M-

M bond lengths, which is inverse proportional to the bond order. However, unlike bonds 

between non-metallic elements, M-M bonds are very sensitive to ligands around the metals 

[56, 57], creating an uncertainty whether the bond length and bond order reflect on the 

fundamental chemistry of metals atoms or result from the effects of ligands, packing 

molecules in the crystal or other external factors not related to the intrinsic M-M bonding. 

Encouraged by theoretical calculations predicting stable unsupported M-M bonds [58, 59], 

the existence of homonuclear intermetallic bonds has been experimentally demonstrated in 

the noble gas matrices under cryogenic conditions [60, 61], and more recently the excited-

state heteronuclear alkali metal diatomic molecule, has been successfully obtained by 

combining two atoms with optical tweezers [62]. However, the preparation and analyzation 

of an isolated individual metallic homonuclear diatomic molecule containing multiple bonds 

have not been realized yet. 
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Theoretical and Experimental Basics 

1. Low-voltage aberration-corrected high-resolution TEM 

The Nobel Prize for Physics in 1986 was awarded to Ernst Ruska “for his fundamental work 

in electron optics, and for the design of the first electron microscope” already built in 1931. 

From then on (as the wavelength of the moving electron is in the order of Picometres, which 

represents the value for the diffraction limited resolution) improving the spatial resolution, 

limited by unavoidable spherical and chromatic aberration  of the electromagnetic objective 

lens, was one of the main aim for developing high-resolution electron microscopes [63]. 

Scientists since Demokrit [64], about 2400 year ago, were dreaming of “seeing atoms” the 

small property-determining constituents, requesting sub-Ångström resolution to see atoms 

distantly from each other. The first attempt to realize sub- Ångström spatial resolution is the 

development of ultrahigh voltage TEM with accelerating voltage up to 1.5 MeV in 1960 [65]. 

However, serious knock-on damage resulting from the interaction of the energetic beam 

electrons with the screened atomic potential of the sample atom together with the enormous 

size and costs of ultrahigh voltage TEM instruments made its popularization basically 

impossible and useless for the purpose of seeing the single atoms. In 1998, finally hard-ware 

spherical aberration-correction following the theoretical design of Harald Rose was realized 

and crystal’s atomic columns could be imaged separated from each other at medium electron 

acceleration voltages [66], thus sub-Ångström spatial resolution at 200-300kV became reality. 

[66-68]. “Electron microscopy images enhanced” was the title of the corresponding 

breakthrough paper [69], which clearly demonstrated that inherent with the resolution 

increase down to the sub-Ångström level, the contrast was strongly improved [70]. 

Nowadays, Cs-corrected HRTEM and HR scanning (S) TEM (HR(S)TEM) are the most 

important methods for investigating the atomic structure of materials. 

The first generation of commercial Cs-corrected HR(S)TEM are equipped with a Cs corrector 

which is able to correct the 3rd-order spherical aberration (C3) allowing a point-to-point 

resolution of around 0.08 nm at 300 kV. In the new generation of commercial instruments, 

the aberration corrector corrects axial 5th-order geometrical aberration (C5) and reaches 

spatial resolution around 0.06 nm at 300 kV. After the geometrical-aberration correction, 

resolution of phase-contrast images is limited by the chromatic focus spread [8, 71], which
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 increases strongly with lowering the accelerating voltage. Furthermore, the inelastically 

scattered electrons, which are defocused at the image plane by Cc can only contribute to the 

image contrast (and not just to the background noise) by correcting Cc.  

However, instrumental resolution limitations are only the one part limiting the resolution in 

the experimental image. The other part originates from the sample itself [72, 73]. Knock-on 

damage by elastic scattering is here one important factor in particular for specimens 

composed of light element like carbon or lithium [6, 74]. This damage mechanism is strongly 

reduced by lowering the accelerating voltage of the electron beam, and thus for many 

element an efficient method to reduce knock-on damage. 

1.1 Specifications of instruments applied 

Aiming on realizing the sub-Ångström resolution at low electron accelerating voltages for 

investigating beam-sensitive materials, the SALVE project (www.salve-project.de) directed 

by Prof. Ute Kaiser initiated to go to much lower voltages down to 20 kV [8]. The dedicated 

final SALVE instrument operates in the voltage range between 80 kV and 20 kV and consists 

of an FEI Titan Themis3 column fitted with a CEOS Cs/ Cc aberration corrector. The 

corrector is a quadrupole-octupole corrector of a modified Rose-Kuhn design [75] correcting 

first order chromatic aberrations, fifth order axial geometric aberrations, and third order off-

axial geometric aberrations [76].  

Table 1 shows the specifications of the CS-corrected FEI Titan 80-300 instrument and the 

CC/CS -corrected SALVE instrument [76]. The SALVE instrument shows incomparable true 

atomic resolution that is 76 pm at 80 kV and 139 pm at 20 kV. The AC-HRTEM images in 

Publications Ⅰ-Ⅲ are acquired on FEI TITAN 80-300. The AC-HRTEM images in 

Publication Ⅳ are acquired on both FEI TITAN 80-300 and SALVE TEM. For intuitively 

comparing the performance of these two different instruments, Figure 2.1 shows two AC- 

HRTEM images of a dirhenium molecule confined in a SWNT acquired from the FEI 

TITAN 80-300 and SALVE TEM respectively at 80 kV. The exposure time for the Titan 

image is 1.0 second and for SALVE image is 0.5 second, both with dose rate of 1.05 × 108 e- 

nm-2 s-1. The measured spatial resolution in the raw image of the Titan image acquired with 

the TITAN TEM is 190 pm while that in the raw image acquired with the SALVE instrument 
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is 80 pm. Obviously, the lattice of the host SWNT and the precise position of the dirhenium 

molecule can be observed only with the new Cc/Cs-corrected technology. 

 

 

Table 1, Specifications of the CS-corrected FEI Titan 80-300 instrument at 80 kV and the CC/CS -corrected 

SALVE instrument from 20 - 80 kV. The wavelength of the electrons, the resultant spatial resolution and the 

corresponding ratio of spatial resolution to electron wavelength are presented successively [76]. © 2016 

American Physical Society. 

 

 

Figure 2.1, 80 kV AC-HRTEM images of a dirhenium molecule confined in a SWNT. The left image is 

acquired with the FEI TITAN 80-300. The right image is acquired with the SALVE TEM. 
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1.2 Image Formation in High-resolution TEM and Image Simulation for 

Weak Phase Objects. 

For high-resolution imaging in an aberration-corrected Cc/Cs microscope, all scattered 

electrons contribute to the image formation; their interference in the image plane produces 

phase contrast reflecting the atomic structure of the sample. Fourier space is filled with 

specimen information up to very large aperture angles and information is transferred down to 

the size of individual atoms.  

Three fundamental parameters determine the information limit of a TEM: (1) the spatial 

coherence of the illumination that can prevent higher order electron beams from interference, 

characterised by a spatial envelope function (2) the focus spread in the imaging optics, 

characterised by a temporal envelope function and (3) the image spread resulting from 

Johnson noise [77], represented by an image spread envelope function. Information 

dampening due to partial spatial coherence is strongly reduced by spherical aberration 

correction. Chromatic aberration of the objective lens translates the energy spread of the 

electron source and instabilities of the accelerating voltage into a spread of the focus. After 

the spherical aberration of the objective lens is corrected, this focus spread dominates the 

resolution limitation for HRTEM at low accelerating voltages [8]. After Cc-correction, an 

additional spread in the image plane originated from instabilities of the focusing elements 

and from thermally driven magnetic field noise (so called Johnson noise) determines contrast 

and resolution limit.  

The contrast transfer function (CTF) of the microscope is a product of the phase aberration 

transfer function and all the envelope functions. Figure 2.2 shows the contrast transfer 

functions for the Cs-corrected TITAN and the Cc/Cs-corrected SALVE instrument at 80 kV. 

The dashed lines represent the total envelope function, which is a product of the spatial, 

temporal and image spread envelope functions. The resolution limit improves from 0.13 nm 

to 0.08 nm as a result of Cc-correction. 
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Figure 2.2, Plots of contrast transfer function for a) Cs-corrected TITAN and for b) Cc/Cs-corrected SALVE 

instrument at 80kV. Dashed lines represent total envelope functions.  

 

 

 

Figure 2.3: Schematic diagram of the basic principle of HRTEM image formation process. 

The HRTEM imaging formation process of a weak-phase object - as a SWNT in this 

dissertation, can be divided in to three steps as shown in Figure 2.3. Firstly, an incident 

electron wave Ψin interacts with the specimen resulting in the exit wave Ψex carrying 

specimen information. Secondly the Ψex is transferred to the optical system of the microscope, 

described by a convolution between the exit wave and the contrast transfer function (CTF). 
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As already described, the CTF includes the aberration transfer function of the objective lens 

and envelope functions accounting for the partial coherence between the waves. In the last 

step, the image intensity |Ψim|2 is recorded on a camera.  

Even aberration-corrected phase contrast images can only in rare cases be directly interpreted 

in terms of the specimen’s atomic potential. The image contrast needs to be calculated. The 

aim is to calculate two-dimensional intensity distribution plots that match quantitatively 

and/or qualitatively those obtained experimentally. The electron propagation through the 

sample is described by time-independent Schrodinger equation [78]. As in the case of this 

thesis’s specimens (single metal molecules and metal clusters inside SWNTs) and applied 

electron energies (80 keV), the interaction of the incident electrons and the specimen can be 

described by the concept of the weak phase object approximation. To calculate the images in 

this thesis, a solution to the Schrödinger equation called the multislice method is used [79]. 

The multislice algorithm [80] is implemented in several software packages like JEMS [81], 

MUSLI [82] and QSTEM [83]. In the multislice algorithm, the sample is sliced into several 

layers with the same thickness, and then the scattering potential of each layer is projected 

onto one single slice. The propagation of the incident wave within each layer modeled by the 

phase object approximation (POA), and between the slices based on the Fresnel 

approximation. In this dissertation, all the HRTEM images are simulated by QSTEM 

software aimed at qualitative fit to the experimental data. Figure 2.4 shows an example that 

the simulated image of a dirhenium molecule binding with the outer wall of SWNT from raw 

AC-HRTEM image acquired by the SALVE instrument. 

 

Figure 2.4: An example showing the TEM image simulation process. The raw AC-HRTEM image acquired by 

SALVE instrument at 80 kV shows a dirhenium molecule binding with the outer wall of SWNT. Atomic model 

is then built for the following image simulation by QSTEM software. 
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2. Nano test tube for molecular reaction investigation 

To study a chemical reaction at the macroscopic scale, test tubes are used and reactions are 

watched through the transparent glass. In TEM a “test tube” is also requested to allow 

imaging molecular reaction on the level of a single atom. One purpose of the test tube should 

be to act as a substrate and confine or fix the metal molecules. SWNT is perfectly well suited 

for this purpose. It has a one carbon atom thick crystalline graphitic structure, extraordinary 

mechanical properties and nanoscale cavity is excellent for applying as a substrate for 

molecular reaction investigation [84, 85]. In addition, the SWNT has high thermal and 

electric conductivities (band gap ＜ 0.5 eV) which could efficiently transfer the kinetic 

energy and positive charges of molecules caused by quasi elastic and inelastic scattering [86, 

87].  

 

Figure 3.1: Schematic diagram of the synthesis of nanometre-sized metallic cluster and diatomic molecule 

inside nanotubes. Vapor phase metal carbonyl molecules are filled into nanotubes by diffusing. The molecules 

adsorbed on the exterior of SWNT are removed by washing with tetrahydrofuran. Then being treated by heating 

or electron beam irradiation, the metal complex decomposes into diatomic molecule, metallic clusters and CO 

gas. 

Based on these properties, there are several advantages applying SWNT as nano test tube for 

molecular reaction investigation: 

 The thin wall of SWNT with single-atom thickness and light mass carbon atom have 

slight influence on the contrast of the molecule for investigation, especially for the 

observation of relatively heavy transition metal studied in this dissertation. 
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 The size of the cavity in SWNT can be controlled by choosing SWNTs with specific 

chirality. The SWNTs chosen for the experiments in this dissertation have diameters 

ranging from 1.0 nm to 1.5 nm in order to obtain small similarly sized transition metal 

molecules. 

 Unlike the normal open substrate, the diffusion of metal molecules under electron beam 

irradiation is limited by the enclosing space of SWNT. 

 The high thermal and electric conductivities of SWNTs protect, to a certain extent, 

molecules from unwanted ionization, heating and knock-on damage effects caused by 

electron beam irradiation. 

The methodology for filling metal clusters and molecules was developed by Prof. Andrei N. 

Khlobystov’s group in the School of Chemistry, University of Nottingham and presented in 

Figure 3.1 [3, 32-34, 88-92]. Over 15 kinds of transition metal clusters and dirhenium 

molecule are prepared in the four papers presented this thesis. The typical AC-HRTEM 

images for these metal clusters and dirhenium molecules are shown in Figure 3.2. 
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Figure 3.2: Typical AC-HRTEM images for the 15 kinds of transition metal molecules (clusters) and the 

dirhenium molecules in SWNTs acquired by FEI Titan 80-300 instrument at 80 kV. 
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3. Interactions between incident electron and atom 

In TEM, high energy electrons are the probe for detecting the structural information and 

spectral information of specimens. The interactions between the incident electrons and the 

atoms of the specimen are crucial for TEM imaging. In this thesis, scattering between 

incident electrons and metal atoms projected to two-dimensional images will be carefully 

analyzed. Often also the interaction between the incident electron, the Me atoms or small Me 

cluster and the CNT’s carbon atoms stimulated by the incident electrons will be studied to 

explain observed dynamic transformation and molecular reactions and relate them to 

chemical properties.. 

 The elastic scattering is interaction of the incident electron atom with the specimen atom 

scattered by the Coulomb potential of the nucleus without kinetic energy transfer [93]. 

 The ‘quasi elastic electron scattering’ is the elastic collision between the incident 

electron and the nucleus in which the total kinetic energy and momentum of scattering 

particles are conserved while the transfer of the kinetic energy and momentum from the 

incident electron to the nucleus is allowed [93].  

 The inelastic scattering is the incident electron- specimen electron interactions with an 

energy loss by single-electron excitation and Plasmon excitation in the specimen. The 

incident electron can be observed to lose energy even at very small scattering angles. 

The elastic scattering is the most important interaction that determines the image contrast [94, 

95]. The inelastic interactions form the basis for many analytical methods. 

  



THEORETICAL AND EXPERIMENTAL BASICS 

26 

 

 3.1 Elastic and quasi elastic scattering 

The scattered electrons by elastic scattering shift phase and contribute to the formation of 

phase contrast which is very important for TEM imaging. Quasi elastically scattered 

electrons transfer part of the kinetic energy to the target atom which results in the 

displacement of the atom or phonon excitation. Like all the other active detection methods, 

the TEM observation also has the ‘observer effect’ that the observing of a situation or 

phenomenon necessarily changes that phenomenon. For the bulk specimens which were the 

main target for TEM imaging in the past decades like metal and other inorganic crystals, 

atom displacement caused by knock-on collision of the incident electrons with the atoms of 

the specimen leads to amorphisation and sputtering and the subsequent destroying of the 

sample. 

Nowadays, with the development of aberration correctors, single atoms and atomic columns 

can be imaged. We are now able to directly observe the structure and even reactions for 

instance metal molecules with atomic resolution [3, 89]. At the atomic or molecular level, the 

knock-on damage process is able to destroy chemical bonds between atoms and even directly 

knock out atoms into the vacuum. On the other hand, considering breaking pre-existing 

chemical bonds and reforming new bonds are the essence of chemical reactions, the ‘harmful’ 

kinetic energy transferred from the incident electron to the sample atom has the potential to 

be applied for stimulating chemical reactions on the molecular level thus represents a new 

energy sources [90]. Thus, it is important and meaningful to explore the detailed kinetic 

energy transfer process by quasi elastic scattering between the incident electrons and the 

target atoms. 

The differential cross section of elastic scattering is the most common quantity to describe 

the angular distribution of the scattered electrons which is briefly discussed in Chapter 3.1.1. 

In addition, the kinetic energy transferred from the incident electron to the atom by ‘quasi 

elastic electron scattering’ which is origin of knock-on damage is discussed in Chapter 3.1.2 

in detail [7, 96, 97]. 

 



THEORETICAL AND EXPERIMENTAL BASICS 

27 

 

3.1.1 Differential cross section for elastic scattering 

 

Figure 4.1: Schematic diagram showing low-angle elastic scattering and high-angle elastic scattering of the 

incident electron by an atom. 

Figure 4.1 shows the simple Coulomb model for the elastic scattering of an incident electron 

by an atom. The quasi elastic scattering between the incident electrons and atom results in 

low-angle scattering with negligible energy transfer and high-angle scattering with a 

scattering angle up to 180° with significant kinetic energy transferring. Therefore, only the 

high-angle electron-nucleus quasi elastic scattering which could lead to the displacement of 

atoms is discussed here. The National Institute of Standards and Technology (NIST) elastic-

scattering cross-section database (https://srdata.nist.gov/SRD64/) is applied for obtaining the 

differential cross section of elastic scattering between electron and atoms. In this database, 

the relativistic Dirac partial-wave analysis is used for calculating the differential cross section 

for elastic scattering [98]. Meanwhile, the self-consistent Dirac-Hartree-Fock density for free 

individual atoms with the local exchange potential of Furness and McCarthy are used for 

calculating the scattering potential [99]. 
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Figure 4.2：Differential cross sections of elastic scattering (dσ) for C, H, Fe, Re and Au, in dσ/dθ versus θ 

(scattering angle) coordinates at 80 keV on logarithmic scales. The Bohr radius a0 is the radius of the first Bohr 

orbit of the hydrogen atom where a0 = 5.2917721 ×10-11 m and a0
2 = 2.8002852 ×10-21 m2.  

 

Figure 4.3：Differential cross sections of elastic scattering for C, H, Fe, Re and Au, in dσ/dθ versus θ 

coordinates at 20 keV on logarithmic scales. 

Figure 4.2 and Figure 4.3 show the differential cross sections of elastic scattering for carbon, 

Hydrogen, Iron, Rhenium and Gold in dσ/dθ versus θ coordinates at 80 keV and 20 keV on 

logarithmic scales, where dσ is the differential cross section and θ is scattering angle. 

Obviously, a positive correlation can be found between the Z (number of protons in the atom) 

and the corresponding elastic scattering cross section at certain degree. The total elastic 
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scattering cross section for these atoms can be obtained by integral computation. The total 

elastic scattering cross sections for carbon, hydrogen, Iron, rhenium and gold at 80 keV are 

3.42 ×10-2 a0
2, 2.80 ×10-2 a0

2, 2.80 ×10-1 a0
2, 8.62 ×10-1 a0

2, 8.52 ×10-1 a0
2 respectively; 

while 1.16 ×10-1 a0
2, 5.29 ×10-3 a0

2, 8.10 ×10-1 a0
2, 2.03 a0

2, 1.96 a0
2 at 20 keV. The size of 

cross sections reflects the possibility for elastic scattering while the amount of the kinetic 

energy transferred by elastic scattering is another important aspect. 

3.1.2 Kinetic energy transferred for quasi elastic scattering 

The amount of kinetic energy transferred from the incident electron to a stationary atom, ET, 

is described as  

��(�) =
����(�������)

(�����)��������
���� �

�

�
� = ��_������� �

�

�
�                           (1.1) 

where �� is the mass of the atom, E is the acceleration voltage of electron, �� is the mass of 

electron and θ is the electron scattering angle, ET_max is the maximum transferred kinetic 

energy [95]. 

It is important to investigate the maximum kinetic energy transferred from the incident 

electron (ET_max) to the specimen atoms for avoiding knock-on damage. By choosing the 

appropriate accelerating voltage for ensuring the ET_max is smaller than the threshold energy 

of displacement, knock-on damage can be effectively avoided. In Figure 4.4, the ET_max 

transferred from a 20 keV or 80 keV incident electron to a stationary atom with atomic 

number from 1 (hydrogen, H) to 100 (Fermium, Fm) are presented. It is obvious that the 

ET_max reduces when the accelerating voltage of the electrons decreases and/or the atomic 

number increases. The ET_max transferred from an 80 keV electron to carbon atom is 14.7 eV, 

while it is 3.7 eV when the accelerating voltage is 20 kV. From the Equation (1.1), the 

correlation between the transferred kinetic energy ET and electron scattering angle θ is 

quantified that the ET increases with the θ increases.  
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Figure 4.4: The maximum kinetic energy transferred (ET_max) from a 20 keV and 80 keV incident electron to a 

stationary atom with atomic number from 1 (hydrogen, H) to 100 (Fermium, Fm).  

 

 

Figure 4.5: Time-series images of a Mn nanocrystal breaking down to individual atoms at 80 kV acquired by 

FEI TITAN presented in Paper Ⅱ. The intact Mn nanocrystal (indicated by a magenta arrow in the 0 s frame) 

gradually breaks up into smaller clusters (indicated by green arrows in the 130 s frame) and single atoms during 

continuous irradiation for 230 seconds [100]. © 2018 Nature Publishing Group. 

Figure 4.5 shows an example that how the electron beam smashes a Mn nanocrystal by quasi 

elastic scattering. The cohesive energy (Ecoh) of Mn is 2.92 eV and the maximum transferred 
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energy (ET_max) from the 80 keV electron beam for the Mn atom is 3.45 eV. The ratio ET_max/ 

Ecoh representing the energy received from the electron beam as a percentage of the 

manganese’s cohesive energy is 118%. This implies that the transferred kinetic energy from 

80 keV electron beam to Mn atoms is large enough to destroy the bonds between Mn atoms 

in Mn nanocrystal. Mn is the only one of the 15 transition metals investigated in this 

dissertation has a ET_max/ Ecoh ratio over 100%. More experiments and discussions are 

presented in Paper Ⅱ. 
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 3.2 Inelastic scattering 

Inelastic scattering is important for analytical TEM experiments. It provides a whole range of 

signals containing chemical information of the specimen. X-rays, secondary electrons, and 

visible light by cathodoluminescence are generated during inelastic scattering. For the 

microscopists who focus on the chemical information acquired from the characteristic X-rays, 

the inelastic scattering between the incident electron and electrons in specific shells (K, L, M, 

etc.) of the atom is the object of study [101, 102]. The ionization process and excitation 

caused by the incident electron bombardment is most important for the observation of 

molecular reactions by AC-HRTEM, because the ionization of molecule could directly and 

significantly influence the reaction progress (Figure 4.6) [6]. Thus, the total ionization which 

is the sum of the ionizations of the electrons in all shells is of prime interest for this study. 

 

Figure 4.6：Schematic of the ionization process due to inelastic scattering of the incident electron and 

electrons in the atom. Note the elastic scattering inevitably occurs when inelastic scattering happens. 

3.2.1 Calculation of total ionization cross section of an atom 

The total ionization cross section of atoms by electron impact has been wildly applied for 

modeling plasmas for plasma processing of semiconductors, normalizing mass spectrometer 

output, diagnosing plasmas in magnetic fusion devices, and modeling radiation effects on 

materials and so on [103, 104]. Here the total ionization cross section of atoms is essential 

for estimating the probability of charging effects in the molecule during electron beam 

irradiation.  
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In 1930, Hans A. Bethe gave the original expression for the total ionization cross section (σ) 

as 

σ =
���������

(���� �)��⁄
log �

���(����/�)

��
�                                             (1.2) 

where bnl and cnl are constants for a particular electron shell in an atom. e is the electron 

charge. m0 is the rest mass of the incident electron. v is the velocity of the incident electron. 

Znl is the number of electrons in the shell with ionization energy of Ec. [105] 

At very low electron beam energies, realised for instance in scanning electron microscope of 

around of 1 keV to 10 keV, the relativistic effects of the incident electrons is negligible. Thus, 

the m0v
2 nearly equals to the kinetic energy (E) and eV, V is the accelerating voltage. 

At higher electron beam energies, like the energy in TEM around 20 keV to 300 keV, the 

relativistic effects of the incident electrons has to be included. In 1933, E. J. Williams 

modified the Bethe cross section as  
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���������

(���� �)��⁄
�ln �

���(����/�)

��
� − ln(1 − ��) − ��)�                            (1.3) 

where β is the ratio of the electron velocity to the velocity of light, that β = v/c [106]. For 20 

keV electrons (λ=0.859pm), the parameter β equals to 0.272 however for 300 keV 

(λ=1.969pm), already to 0.777). 

In 1994, the Bethe cross section was extended from atom to molecule as the Binary-

Encounter-Bethe model, which combines the Bethe cross section with Mott cross section. In 

this model, the total ionization cross section for a molecule is obtained by summing the 

ionization cross section per atomic/molecular orbital. The basic formula for the ionization 

cross section per orbital is: 
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where B, U, N and Q are four orbital constants, that B is the binding energy, U is the orbital 

kinetic energy, N is the electron occupation number, Q is the dipole constant. t = E/B, u = 

U/B, a0 = 5.2917721 ×10-11 m, and R = 13.6057 eV [107]. 
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Figure 4.7：Calculated total ionization cross sections for neutral H, B, C, N, O, Al, Ga and In atoms as 

function of the accelerating voltage by the Binary-Encounter-Bethe model [107-109].  

Figure 4.7 shows the total ionization cross sections of neutral H, B, C, N, O, Al, Ga and In 

individual atoms as a function of the accelerating voltage (6 – 10000 eV) calculated by 

Binary-Encounter-Bethe model. The maximum total ionization cross sections for these atoms 

differ from 11.85 a0
2 (Carbon) to 44.77 a0

2 (Indium). When the energy of the incident 

electron is around 20 – 300 eV, these atoms show the maximum total ionization cross 

sections. And then the total ionization cross section decrease with the increase of the energy 

of the incident for all the atoms. 

Obviously, the calculation of the total ionization cross section relies on the constants of shell 

or orbitals for all the theoretical calculation methods mentioned. In addition, from theoretical 



THEORETICAL AND EXPERIMENTAL BASICS 

35 

 

calculations it is difficult to obtain the accurate scattering cross sections for transition metals 

considering that the electrons in transition metals are much more complex [109]. 

3.2.2 Experimental measurement of total ionization cross section 

Experimental measurements for electron impacted ionization of atoms provide data of 

absolute ionization cross section for verifying theoretically calculated results and obtaining 

cross section for more atoms. In the middle and later period of 19th century, promoted by the 

hot research fields of nuclear energy and nuclear weapons, a few of experimental cross 

section measurements for electron impacted ionization of atoms had been carried out [110-

114]. Up to now, the electron impacted ionization cross section for over 40 neutral atoms 

covering almost 1/3 of the Periodic Table have been experimentally measured. However, 

most of the 40 studied elements are main group elements while only few transition metals 

have been measured [115]. 

 

Table 2.1: Measured absolute total cross sections for electron impacted single ionization at 70 eV by crossed-

electron-beam-fast-atom-beam method. a0
2 = 2.8002852 ×10-21 m2 [115]. 

Table 2.1 shows the measured absolute total cross sections for electron impacted single 

ionization at 70 eV by crossed-electron-beam-fast-atom-beam method for 22 kinds of 

individual atoms which is range from 10.96 a0
2 to 35 a0

2. Furthermore, the cross sections of 

electron impacted double and triple ionization for these elements from 0 – 200 eV have also 

been presented. However, being limited by the energy range of the electron beam in this 

apparatus, the ionization of atoms caused by high energy is not able to be studied. 
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4. Evaluation of elastic and inelastic scattering for electron 

stimulated molecular reactions 

Nowadays, in situ TEM includes liquid cell, heating, biasing, gas environment etc. for 

investigating nanoscale or even atomic scale physical processes and chemical reactions. 

However, the interactions between the imaging electron beam and the object of observation 

are often neglected. In this paper the interaction between a molecule and the incident 

electrons during TEM imaging will be studied which is reflected basically in all the papers I-

IV. In the previous chapter, the elastic and inelastic scattering between the incident electron 

and one atom were discussed. Here the discussion is extended to the molecule level. 

 4.1 Electron impacted bond breaking by quasi elastic and/or inelastic 

scattering 

 

Figure 5.1: Electron impacted bond breaking of a diatomic molecule by quasi elastic and/or inelastic scattering 

during TEM imaging. 

Figure 5.1 shows the mechanism developed in this thesis to explain how the incident electron 

influences an isolated diatomic molecule in vacuum without any substrate during TEM 

imaging. An AC-HRTEM image of a molecule forms from a large number of electrons. For 

example, the normal dose rate of the electron beam applied for investigating molecular 
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reaction is around 1.0 × 107 e- nm-2 s-1 in Paper Ⅳ. Thus the number of electrons for forming 

an image of 1 nm2 area and 0.5 sec exposure time is around 5.0 × 106. 

When an energetic incident electron impacts on one atom of a diatomic molecule, an amount 

of kinetic energy is transferred from the incident electron to the atom which can be calculated 

by Equation 1.1. If the transferred kinetic energy (ET) is larger than the threshold energy for 

cleaving the bond connecting the two atoms (EC), the bond between these two atoms breaks. 

When EC ＜ ET, the excited molecule is able to release phonon vibration and relax to the 

ground state in about ~ 10-10 s which is too short to encounter the next electron and 

accumulate kinetic energy. Thus the ET from individual collision by elastic scattering is 

nonaccumulable. In another situation, inelastic scattering (simultaneously with elastic 

scattering between the incident electron and atom in molecule) could ionize and/or excite the 

atom. When the ionized or excited molecule is not able to obtain additional electrons from 

surrounding or substrate, it would be further ionized. The accumulated positive charges 

reduce EC and promote the breaking of bond. If the ionized and excited molecule obtains 

electron from the surrounding or substrate very fast (less than in 10-6 s), the molecule could 

balance charges and goes back to neutral. In a real situation, this process is dominated by the 

band gap between the molecule and substrate. Therefore, by applying electrical conductive 

material as substrate for molecular reaction observation, such as graphene and carbon 

nanotube, the ionized molecule could easily go back through inelastic scattering to the 

neutral state thus the influence of ionization could be effectively reduced. 
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 4.2 Electron beam stimulated chemical reaction in TEM 

In a sense, a molecular chemical reaction is the breaking and reforming of chemical bonds. 

As discussed above, the kinetic energy transferred from the incident electron to the atom of 

the molecule by an elastic scattering process is able to break chemical bonds in the molecule 

which can stimulate chemical reactions. Normally, chemical reactions are activated by 

thermal energy, light energy or microwave energy etc. As shown in Figure 5.2, for the 

thermally activated reactions, the energy barrier for breaking chemical bonds (Ea) need to be 

overcome by molecule-molecule collision or phonon absorption. In this dissertation, the 

presented reactions of the molecules are all solely stimulated by the electron beam, mainly by 

elastic scattering, which leads to the breaking of chemical bonds and then the reforming of 

new bonds. Using the electron beam simultaneously as energy pump for reactions and as an 

imaging probe to follow them at the single-metal-molecule level often allowed observing the 

dynamics of a chemical reaction in the TEM, thus we summarize this approach by the term 

“ChemTEM” [90].  

 

Figure 5.2: Comparison of the mechanisms for thermally activated chemical reaction and electron beam 

stimulated chemical reaction in TEM [90]. © 2017 American Chemical Society 

For these chemical reactions stimulated by elastic scattering between the electron beam and 

the metal-molecule atoms, the rate of reaction, is only dependent on the reaction cross-

section σ and the electron dose rate j (in e- s-1·nm-2). The time period t before the reaction 

occurs (the lifetime of the molecule under the electron beam irradiation) is simply: 



THEORETICAL AND EXPERIMENTAL BASICS 

39 

 

� =
�

��
                                                                      (2.1) 

dose rate j is controlled by the experimental settings and adjustable during TEM observation, 

σ is dependent on the property of the chemical reaction and the energy of the electron beam 

(E) [90]. 

By this approach, we are able to predict the rate of reaction with known or calculable 

reaction cross-section σ under certain electron beam irradiation. For some simple reactions 

like the breaking of bonds, we are able to calculate its threshold energy from the observed 

dynamics of reaction combining the differential cross sections of elastic scattering of atoms 

discussed in Chapter 3.1.1. 

 

Figure 5.3: (a) Two atom of same element bonded by chemical bonds with threshold energy for bond breaking 

of Eb cleaved by electron beam irradiation [90]. © 2017 American Chemical Society. (b) Differential cross 

sections of elastic scattering of Manganese for calculating the threshold energy for bond breaking. 

For example, the hypothesis is: two atom of same element (Manganese) are bonded by 

chemical bonds with unknown threshold energy for bond breaking of Eb as shown in Figure 

5.3 (a); the rate of bond breaking is 25 seconds; the experimental accelerating voltage of 

electron beam is 80 kV; the dose rate is 1.0 × 107 e- nm-2 s-1. By this information, the 

threshold energy for bond breaking of Eb can be estimated. The scattering cross section of the 

Mn-Mn molecule for bond breaking is 2.6 × 10-4 a0
2 by the Equation 2.1. Thus, for the single 

Mn atom in this diatomic molecule, the cross section for bond breaking is 1.3 × 10-4 a0
2. 

Because the differential cross sections of elastic scattering of Mn is known (from the NIST 
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database) and the maximum transferred kinetic energy (ET_max) from 80 keV electron to Mn 

atom is 3.4 eV as shown in Figure 4.4, it is easy to calculate that the integral high angle 

elastic scattering area from 102.2° to 180° equals to 1.3 × 10-4 a0
2. According to the Equation 

(1.1), the ET is 0.65 eV when the elastic scattering angle is 102.2° (Figure 5.3 (b)). Thus we 

estimate by this simple approach the threshold energy for bond breaking Eb to 0.65 eV. 

 

Figure 5.4: (a) Time-series AC-HRTEM images acquired by the TITAN CS-corrected TEM showing the 

characteristic motions of the dirhenium molecule under 80 keV electron beam. The directions of movements are 

indicated by red arrows. The corrected Re-Re bond length of each frame is presented, error is ± 0.015 nm. (b) 

Schematic diagram illuminating the mechanism for the process that the ‘lying’ Re2 stands. The ‘lying’ Re2 is 

able to stand by breaking the Re-C bond, which process is stimulated by the incident electrons. The rhenium 

atom and carbon atom bonded by Re-C bond could be excited by 80 keV incident electrons, which have 

different maximum transferred kinetic energies and elastic scattering cross sections distributions as shown in 

Figure 4.2 and Figure. 4.4. State 1 shows the situation that the rhenium atom is excited by the incident electron 

while State 2 shows the situation that the carbon atom is excited by incident electron. 
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Figure 5.4 shows an example how the electron beam stimulates the motions of a dirhenium 

molecule confined in a SWNT as presented in Paper Ⅳ. The time-series AC-HRTEM images 

in Figure 5.4a shows that a dirhenium molecule is able to rotate, ‘walk’, stand, lie down and 

jump under 80 keV electron beam irradiation. The motion of the dirhenium molecule is 

accompanied by the change of the bond length indicating the bond order of dirhenium 

molecule is also changing during movements. Figure 5.4b show the mechanism for electron 

beam stimulated Re-C bond of the dirhenium molecule in the SWNT. By the approach 

discussed in Figure 5.3, the average move threshold energy, which is the threshold energy for 

the motion of Re atom for Re2 confined in SWNT, is around 1.60 eV which confirms the 

DFT calculation showing the mechanism of the Re2’ motion as presented in Paper Ⅳ in 

detail. 
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5. Experimental conditions and image evaluation methods 

In this dissertation, over 200,000 AC-HRTEM images have been acquired from the TITAN 

and SALVE instruments under different conditions. Several image evaluation methods have 

been applied for interpreting the chemical and physical information in these images. Table 

3.1 shows the detailed experimental conditions. Two image evaluation methods including the 

method for quantifying the crystallinity of the clusters and the method for measuring the 

bond lengths of the diatomic molecules inside the SWNT are presented here in Figure 5.1, 

Figure 5.2 and Figure 5.3. 

 

Table 3.1: Experimental conditions of the TEM experiments in the 4 papers of this dissertation. 

 

Quantifying crystallinity of cluster (in Paper Ⅲ) 

It is important to understand the real atomic structure of the cluster during the nucleation 

process from the two-dimensional images acquired in the TEM. Here the method for 

quantifying the crystallinity of the clusters and crystal nucleus is presented. The metal 

clusters in our experiments are all dynamic under electron beam irradiation. Only when the 

cluster is imaged parallel a low-indexed zone axis, its crystalline structure can be resolved. In 

Figure 6.1, the crystal model (column 1), the simulated TEM images (column 2) (with dose 

of 4.8×106 e- nm-2) and their fast Fourier Transform (FFT)- patterns (column 3) and the 

intensity profile (column 4) along the line indicated in FFT patterns of two near-spherical 

(111) Au nanocrystals with radiuses of 5 Å and 10 Å (first and fourth row), one near-
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spherical amorphous Au nanoclusters (radiuses of 10 Å) containing a crystalline core 

(radiuses of 5 Å) (third row) and one near-spherical amorphous Au nanoclusters with 

radiuses of 5 Å (second row) are shown.  

 

Figure 6.1: Approach to quantify the crystallinity of clusters. (The first column) Model near-spherical fcc (111) 

Au nanocrystal with radiuses of 5 Å, near-spherical amorphous Au nanocluster with radiuses of 5 Å, near-

spherical amorphous Au nanoclusters (radiuses of 10 Å) containing a crystalline (111) Au core (radiuses of 5 Å) 

and near-spherical fcc (111) Au nanocrystal with radiuses of 10 Å successively. (The second column) 

Simulated TEM images (80 keV, dose of 4.8×106 e- nm-2) corresponding to the clusters in the same row. (The 

third column) FFT from the corresponding simulated TEM images in the same row. (The forth column) Profiles 

corresponding to the red profile lines in the FFT of the same row. The first order ‘reflection spots’ in the FFT 

for the (111) fcc Au nanocrystal face is around -4.26 nm-1, the corresponding ‘reflection spots area’ (3.7 nm-1 to 

4.9 nm-1 and -3.7 nm-1 to -4.9 nm-1) are indicated by red dotted lines.  
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Here a short example for the crystallinity estimation is presented: The modulus intensity of 

the first order ‘reflection spots’ for the two Au nanocrystals with radiuses of 5 Å and 10 Å 

are 8.0 and 7.9. The corresponding value of the amorphous Au nanoclusters containing a 

crystalline core is 7.2. The relative intensity of the strongest ‘reflection spots’ in the 

‘reflection spots area’ of the FFT of amorphous Au nanoclusters (radiuses of 5 Å) is 6.8. The 

two (111) Au nanocrystals are fully crystallized and shows similar high relative intensity of 

the ‘reflection spots’. The relative intensity of the evaluated ‘reflection spots’ for the partially 

crystallized nanocluster is lower. The relative intensity of the ‘reflection spots’ for the 

amorphous nanocluster is the smallest. Thus there is a direct correlation between the relative 

intensity of the ‘reflection spots’ and crystallinity. By analyzing the modulus intensity of the 

strongest ‘reflection spot’ in the ‘reflection spots area’, the crystallinity of the clusters 

during the nucleation processes is quantizated and compared between each other. 

 

Measuring the bond length of diatomic molecule in SWNT （in Paper Ⅳ） 

The directly measured distance between two atoms in the AC-HRTEM image is the 

projection distance which can be shorter than the real distance. In the work studying the 

dirhenium molecule confined in the SWNT, understanding the real bond lengths from the 

projected TEM image is very important. The bond length of dirhenium molecule reflects its 

bond order ranging from 1 to 4. Figure 6.2 shows the mathematic method for calculating the 

real bond distance of dirhenium molecule. Figure 6.3 shows the calculated real bond length 

of dirhenium molecules in two time-series AC-HRTEM images demonstrating the bond 

order of dirhenium molecule changes during motions. 
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Figure 6.2: Schematic diagram illuminating the method for calculating the real bond length between two Re 

atoms in Re2 by correcting the measured projected bond length. (A) Front and side views of molded structure of 

a Re2 lying on the inner wall of SWNT. (B) Parameters in the cross and side profile for calculating the real bond 

length. lm is the measured projected bond length of Re2, r is the radius of the SWNT, lc is the distance between 

the center of the Re2 and the axis of SWNT in projection, α is the angle between the Re2 and the axis of SWNT 

in projection, lb is the distance between Re2 and the inner wall of SWNT caused by Re-C bonding and is 

approximatively 0.20 nm. When the SWNT is perfect and without any deformation, the real bond length 

between two Re atoms in Re2, l is,  

� = �� +  �� + 
��

�×��� ��

(����)����
��
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Figure 6.3: The corrected bond length of dirhenium molecules in two time-series AC-HRTEM images acquired 

from TITAN and SALVE instruments. The bond length of dirhenium molecule changes when it moves in the 

SWNT under electron beam irradiation. The different bond lengths of dirhenium molecule indicate the 

dirhenium molecule has different bond order (single, double or quadruple bond) during motions. The ‘standing’ 

state means the dirhenium molecule stands on the SWNT and is parallel to the electron beam which only one 

spot of atoms can be observed. The error for the bond length of Titan Re2 A is ± 0.015 nm and ± 0.010 nm for 

SAVLE Re2 A. 
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6. Calculation of mechanism of molecular reactions by DFT 

The molecular reactions stimulated and observed by electron beam by the AC-HRTEM 

contain abundant chemical information. However, the acquired images present only the 

projected atomic structure and the dynamics of reacting molecules. The deeper chemical 

information including the metastable states of molecule, the energy barrier between these 

states and the probable reaction mechanism can be studied by density functional theory (DFT) 

calculations based on the acquired AC-HRTEM images. 

Aiming on numerically solving the Schrödinger equation of a many-body system and 

determine the energy of the ground-state [116], DFT calculation has been applied in two of 

these four works (Paper Ⅱ and Ⅳ)presented in this dissertation. The DFT calculations are 

carried by groups of Prof. Elena Besley and Prof. Andrei N. Khlobystov in School of 

Chemistry, University of Nottingham, UK. For example, in Paper Ⅱ, DFT calculations are 

applied to estimate how a doped transition metal atom influences the defect formation in 

graphene (Figure 7.1). 

 

 

Figure 7.1: DFT calculations demonstrate the metal atom catalyzing defect formation in the graphenic lattice 

due to the metal-carbon bonding. DFT calculations reveal that interactions between a single metal atom (Ru) 

and the sp2-hybridised carbon atoms of a graphitic lattice significantly reduce the energy threshold for carbon 
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atom ejection from 22.3 eV for the metal-free case to 19 eV in the presence of a metal atom. The metal also 

significantly stabilises the mono-vacancy structure after carbon atom ejection from 7.85 eV to 1.39 eV which 

affects the energy threshold to ejection of carbon atoms. A further C-atom can be ejected resulting in formation 

of a divacancy defect which is similarly stabilised by the metal (c.f. formation energy of 2.33 eV compared 17 

to 7.88 eV for the metal-free system). The momentum is transferred to the carbon atom highlighted in red and 

yellow for first and second impacts respectively from below, perpendicular to the graphitic lattice. The nature of 

the M-C interactions for different metals determines the stability of the defect and thus dictates how quickly 

carbon atoms are knocked out in the vicinity of the metal atom and evolve into new carbon nanostructures (e.g. 

protrusions, carbon shells, internal nanotubes) [100]. © 2018 Nature Publishing Group. 
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Results 

 
 
 
 
 
 
 
 
 

Paper I. Direct Correlation of Carbon Nanotube Nucleation and Growth with 

the Atomic Structure of Rhenium Nanocatalysts Stimulated and Imaged by the 

Electron Beam 

 
This article is reprinted with permission from “K. Cao, T. W. Chamberlain, J. Biskupek, T. 

Zoberbier, U. Kaiser, and A. N. Khlobystov: Direct Correlation of Carbon Nanotube 

Nucleation and Growth with the Atomic Structure of Rhenium Nanocatalysts Stimulated and 

Imaged by the Electron Beam, Nano Letters, 18, 2018, 6334−6339.” DOI: 

10.1021/acs.nanolett.8b02657, Copyright ©2018 American Chemical Society. 
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Paper II. Comparison of Atomic Scale Dynamics for the Middle and Late 

Transition Metal Nanocatalysts 

 
This article is reprinted with permission from “K. Cao, T. Zoberbie, J. Biskupek, A. Botos, R. 

L. McSweeney, A. Kurtoglu, C. T. Stoppiello, A. V. Markevich, E. Besley, T. W. Chamberlain: 

Comparison of Atomic Scale Dynamics for the Middle and Late Transition Metal 

Nanocatalysts, Nature Communications, 9, 2018, 3382.” DOI:10.1038/s41467-018-05831-z, 

Open access, distributed under a Creative Commons Attribution 4.0 International License 

(CC BY 4.0), http://creativecommons.org/licenses/by/4.0/ 
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Paper III. Atomic mechanism of metal crystal nucleus formation 

This article is reproduced with the submitted manuscript from “K. Cao, J. Biskupek, C. T. 

Stoppiello, R. L. McSweeney, T. W. Chamberlain, Z. Liu, K. Suenaga, A. N. Khlobystov and 

U, Kaiser: Atomic mechanism of metal crystal nucleus formation. Submitted. 
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Paper IV. Dynamics of dirhenium molecule with variable multiple bond 

 
This article is reproduced with the submitted manuscript from “K. Cao, S. T. Skowron, J. 

Biskupek, C. T. Stoppiello, C. Leist, E. Besley, A. N. Khlobystov, and U. Kaiser. Dynamics of 

dirhenium molecule with variable multiple bond.  Submitted. 
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Conclusion and outlook 

In the long history of chemistry, various kinds of energy have been applied for stimulating 

chemical reactions including thermal energy, electric energy, microwave energy and 

luminous energy. In this dissertation’s papers TEM experiments with electrons of a kinetic 

energy of 80 keV were used for time-series imaging at atomic resolution and simultaneously 

a number of exciting transformation were identified. After careful and systematic evaluation 

together with the help of plausible estimation and accompanying DFT calculation they could 

be addressed to 80keV-electron-stimulated chemical reactions between single atoms. Thus 

the 80keV electron beam is an additional driving energy for chemical reactions, in the frame 

of this thesis it was exemplified for two-atomic transition-metal-molecule and small 

transition metal clusters. This approach fully considers the interactions between the incident 

electrons and the specimen atoms during TEM observation which are absent in many 

standard in situ TEM experiments.  

In this dissertation our experiments allowed to interpret transition-metal-involved reactions 

as Re catalysed SWNT growth, the formation of metal catalysed carbon reconstruction, the 

identification of the metal nanocrystal nucleation process and the reconfiguration of single 

dirhenium molecule solely stimulated by the electron beam. Here the chemical mechanisms 

revealed in the four papers are very briefly summarized: 

Paper Ⅰ: In this study, we directly imaged with atomic 

resolution the parasitic growth of SWNT catalyzed by 

Re metal nanoclusters with in the SWNT nano-test-tube 

and stimulated by electron beam. The symbiotic 

relationship between the nanocatalyst and nanotube, 

resembling a mechanism predicted in theoretical studies, 

demonstrates directly that the efficiency of nanotube 

formation depends on the crystalline order of the metal 

atoms in the nanocatalyst, which improves the 

mechanistic understanding of nanotube nucleation and 

growth. In addition, we observe directly the highly 

Metal catalysed SWNT growth 
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dynamic single Re atoms during the growth of the 

SWNT which appear to contribute to and promote the 

catalytic process, as hypothesized previously for many 

reactions on metal nanoclusters or nanoparticles.  

Paper Ⅱ: In this study, we revealed and explored 

reactions of nm-sized molecules of 14 technologically 

relevant transition metals in carbon nano test tubes from 

the analysis of a huge data set of imaged. This study 

reveals that the metal nanoclusters become more 

dynamic once they are engaged in reactions with 

carbon—one of the most unexpected outcomes of this 

analysis, having significant implications for 

understanding the atomistic workings of catalytic cycles 

at the nanoscale. The tiny clusters of metals obey the 

Sabatier principle as heterogeneous catalysts, and 

different metals exhibit drastically different tendencies 

towards defect formation in the graphenic lattice of the 

nanotube. This knowledge can provides a new guide for 

the development of better catalysts for important 

processes involving C–C bond dissociation and 

formation, such as cracking and reforming. 

Paper Ⅲ: In this study, the long-standing question 

about the nucleation mechanisms of crystallization has 

been revealed on the example of the nucleation of three 

different metals. It could clearly identified that the 

nucleation undertakes the two-step nucleation 

mechanism by atomic-scale imaging of the nucleation 

processes of γ-Fe, Au and Re, proving the validity of 

this theoretically postulated mechanism. We have 

directly observed the fundamental existence of a liquid-

Pt catalyzed carbon reconstruction 
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like metastable precursor of a crystal-like nucleus, and 

demonstrated the energy barrier in TSNM which has to 

be overcome during the amorphous to crystalline 

transition. The combination nano test tube, ‘atomic 

injector’ and AC-HRTEM time series imaging has 

enabled recording the atomistic mechanisms of the 

nucleation of γ-Fe, Au and Re, allowing us to not only 

detect distinct stages, but also film the atom gathering 

process during nucleation or atomic cluster coalescence 

in real time – important stages preceding the 

crystallization step. This methodology sheds light on the 

underexplored area of crystal nucleation at the sub-

nanometer level, which is particularly important for iron, 

gold and rhenium in the carbo-rich environments 

present in a wide variety of industrial contexts, such as 

the Fischer-Tropsch process, industrial CVD synthesis 

and steel manufacturing. 

 

Paper Ⅳ: In this study, we generated Re2 molecules 

where the Re-Re bond is unsupported by ligands. 

Imaging at atomic-scale revealed the dynamics of Re2 

adsorbed on a graphic lattice. It allowed direct 

measurement of Re-Re bond lengths for individual 

molecules that changes in discrete steps correlating with 

bond order from 1 to 4, depending on orientation of Re2 

molecule with respect to the carbon lattice. The 

configurations of Re2@SWNT and the bond order of the 

dirhenium molecule can be changed by electron beam 

irradiation. Direct imaging of the Re-Re bond breaking 

process reveals a high amplitude vibrational stretch of Dynamic of dirhenium molecule 

Nucleation of Au nanocrystal 
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Re-Re once the bond order decreases below 1, 

preceding the bond dissociation. Our observations and 

methodology provide the visions to study the chemical 

or physical reactions of molecules stimulated and 

imaged simultaneously with atomic resolutions. This 

advance methodology also opens up the gate for 

discovering and revealing unknown molecules, like the 

predicted W2 with quintuple bond or Re3 clusters, and 

relative reactions. 
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