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To all those I love 

I put this out as a challenge: Is there no way to make 

the electron microscope more powerful? 
 

  --Richard Feynman, 1959 



  



Abstract 

The structural analysis serves as a bridge to link the structure of materials to 

their properties. Revealing the structure details allows a better understanding 

on the growth mechanisms and properties of materials, and a further de-

signed synthesis of functional materials. The widely used methods based on 

X-ray diffraction have certain limitations for the structural analysis when 

crystals are small, poorly crystallized or contain many defects. As electrons 

interact strongly with matter and can be focused by electromagnetic lenses to 

form an image, electron crystallography (EC) approaches become prime 

candidates for the structural analysis of a wide range of materials that cannot 

be done using X-rays, particularly nanomaterials with poor crystallinity.  

Three-dimensional electron diffraction tomography (3D EDT) is a recent-

ly developed method to automatically collect 3D electron diffraction data. 

By combining mechanical specimen tilt and electronic e-beam tilt, a large 

volume of reciprocal space can be swept at a fine step size to ensure the 

completeness and accuracy of the diffraction data with respect to both posi-

tion and intensity. Effects of the dynamical scattering are enormously re-

duced as most of the patterns are collected at conditions off the zone axes. In 

this thesis, 3D EDT has been used for unit cell determination (COF-505), 

phase identifications and structure solutions (ZnO, Ba-Ta3N5, Zn-Sc, and 

V4O9), and the study of layer stacking faults (ETS-10 and SAPO-34 

nanosheets).  

High-resolution transmission electron microscope (HRTEM) imaging 

shows its particular advantages over diffraction by allowing observations of 

crystal structure projections and the 3D potential map reconstruction. 

HRTEM imaging has been used to visualize fine structures of different mate-

rials (hierarchical zeolites, ETS-10, and SAPO-34). Reconstructed 3D poten-

tial maps have been used to locate the positions of metal ions in a woven 

framework (COF-505) and elucidate the pore shape and connectivity in a 

silica mesoporous crystal.  

The last part of this thesis explores the combination with X-ray crystal-

lography to obtain more structure details.  

 

Keywords: structural analysis, electron crystallography, 3D EDT, HRTEM 

imaging, defects 
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1. Introduction 

In the 1920s, Louis de Broglie put forward the wave-like characteristic of 

electrons and postulated that all particles have wave property with a wave-

length related to its momentum.1 Later two groups, Davisson & Germer2 and 

Thomson & Reid3, independently demonstrated the wave nature of electrons 

by observing diffraction effects in the scattering of electrons. To appreciate 

their experimental discovery, the Nobel Prize in Physics in 1937 was award-

ed jointly to Davisson and Thomson. The first transmission electron micro-

scope (TEM) was built by Ruska and Knoll in 1931 in Berlin. They turned 

the idea of electron lenses into a practical reality and demonstrated images 

taken by a TEM.4 Only two years later, the resolution of the TEM had ex-

ceeded that of the light microscope. The first commercial TEM was built in 

the UK while industry production was started by Siemens & Halske, Germa-

ny in 1939. Although TEM was initially developed to overcome the limited 

resolution in the light microscope, it was realized that there were many other 

important benefits of using electrons as probe sources. 

One benefit is the acquisition of electron diffraction. Thomson and Davis-

son experimentally showed that electrons could be diffracted when passing 

through a thin crystal, and Kossel and Möllenstedt brought electron diffrac-

tion to TEM in 19395. Dating back to 1937, a group of crystallographers, led 

by Pinsker and Vainshtein6,7, in the former Soviet Union had begun to inves-

tigate structural analysis using electron diffraction. They did many funda-

mentally theoretical studies and were the first to use the electrostatic poten-

tial map to localize atoms, including hydrogens. The kinematical approxima-

tion was assumed stating that a reflection intensity is proportional to the 

square of its structure factor.  

Electron diffraction data can be used to directly solve crystal structures. 

General routines for the structure solution in X-ray crystallography are also 

applicable in electron diffraction. In 1976, Dorset and Hauptmann applied 

direct methods to electron diffraction data for ab initio structure solution of a 

paraffin and a cephalin.8 Since then, the determination of unknown structures 

has been performed for different materials, such as Al-Fe alloys9, metal-

cluster compounds10 mesoporous silica11 and zeolites12–14.  

In 1994, Vincent and Midgley developed the precession electron diffrac-

tion (PED) method to collect more reflections with integrated intensities that 

are suitable for the structure solution.15 This method is based on the preces-

sion of an incident electron beam, which is tilted off the optical axis at a 
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constant angle. As a result, the intensities of reflections are integrated 

throughout the precession. The kinematical character of PED allows solving 

structures using a single zone axis pattern16 or a three-dimensional da-

taset9,17–20 merged from patterns along several zone axes. More recently, the 

automatic collection of 3D electron diffraction data has become popular due 

to its efficiency and effectiveness. Different techniques were developed: 

automatic diffraction tomography (ADT)21–23 and 3D electron diffraction 

tomography (3D EDT)24,25. These techniques have proven powerful for solv-

ing many unknown structures during the past decade.  

As we are talking about a microscope, imaging of materials by focusing 

electrons using lenses is of interest. A major point of attention to the devel-

opers of TEMs is to build a microscope to see the structural details around or 

below the atomic level. There will be no surprise that the resolution of TEMs 

for imaging has been pursued with great efforts for a long time. Progress was 

rapid after the quality of electromagnetic lenses was improved. Many com-

mercial TEMs have been capable of resolving columns of atoms in a 2D 

image. High-resolution TEM images have proven useful for solving crystal 

structures through 3D potential map reconstruction. Electron microscopy for 

structural analysis starts from DeRosier and Klug, who reconstructed the 

structure of the tail of bacteriophage T4.26 They proposed a 3D reconstruc-

tion method based on the fact that both phase and amplitude information of 

the Fourier components are present in the image.  

The scanning transmission electron microscope (STEM) was built in 1938 

by von Ardenne.27,28 STEM differs from the traditional TEM by focusing the 

electron beam into a small probe which is scanned over the specimen in a 

raster. In 1968, Crewe et al. developed the cold field emission gun29 and later 

built a STEM able to visualize single heavy atoms on a carbon substrate.30 

Ideally, the resolution of an electron microscope at 100 kV can reach ~2 pm. 

In practice, however, the resolution is limited by many factors, for example, 

the coherence of the electron beam, astigmatism and aberrations of electro-

magnetic lenses and so on. The fact that images obtained using STEM do not 

suffer from a contrast transfer function (CTF) gives STEM advantages over 

TEM.  

Both TEM and STEM images are 2D projections of 3D structures. Some-

times, the 2D projection will mislead us by artifacts. To overcome this prob-

lem, the electron tomography (ET) technique was developed to reconstruct 

3D space from a series of 2D images.31 In the process of ET, images are 

taken by rotating the target sample around a single axis in incremental steps. 

The ET technique developed originally for bioscience32,33, has been trans-

ferred to the field of materials science34, including catalysts, semiconductors, 

alloys, and nanoparticles. Recently, the highest ET resolution reached 2.4 Å 

as demonstrated by Miao’s group using a gold nanoparticle35, and atomic 

structure of edge and screw dislocations in a multiple-twinned platinum na-
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noparticle were also directly visualized by applying 3D Fourier filtering 

together with ET36.  

The scanning electron microscope (SEM) is another powerful instrument 

for observing topological features or elemental information of a specimen by 

scanning a focused electron beam and detecting signals emitted from the 

specimen, including secondary electron (SE), backscattered electrons (BE), 

characteristic X-rays etc. This technique has become a very common tool for 

characterizations of nanomaterials.  

Moreover, electron spectroscopy is also an important branch of electron 

crystallography. Two techniques have been well developed, including ener-

gy dispersive spectroscopy (EDS) and electron energy loss spectroscopy 

(EELS). In particular, the combination of STEM and EELS can detect atom-

ic compositions, chemical bonding, valence states etc. With the advent of 

aberration correctors, monochromators, and computer control, TEM or 

STEM is able to form not only ultra-high resolution images37,38 but also two- 

or three-dimensional maps of compositions39, and record time-dependent 

phenomena at sub-picosecond timescale40. The recently developed electron 

microscopes with the correction of the spherical aberration (Cs corrector) 

enable the diameter of the electron beam on a specimen to be smaller than 1 

Å in STEM mode.41 The aberration-corrected STEM provides the image at 

Ångström resolution and the beam current critical to atomic resolution 

chemical mapping with spectroscopic techniques. 

This thesis aims at the study of fine structures in various materials using 

EC approaches. Two parts comprise the main focus: 3D electron diffraction 

and HRTEM imaging. The power of these two methods for structural analy-

sis is discussed based on several examples. Specifically, 3D EDT technique 

has been applied to the determination of unit cell, the identification of sym-

metry elements, and ab initio structure solutions of known/unknown crystal 

structures. HRTEM imaging has been used to observe projections of compli-

cated crystal structures, stacking faults and structure intergrowth, and recon-

struct 3D potential maps by Fourier analysis. Different materials were stud-

ied, including zeolites, mesoporous silica, covalent organic frameworks 

(COFs), hierarchical zeolite, metal oxides, etc.  

Chapter 2 gives a brief introduction to basic crystallography, electron dif-

fraction, electron microscopy and structure solution methods. In chapter 3, 

the use of 3D EDT in the structural analysis is discussed in detail. Several 

practical examples are given. Chapter 4 describes the application of HRTEM 

imaging for fine structural analysis on the basis of different kinds of materi-

als. In chapter 5, the combination with powder X-ray diffraction (XRD) for 

structural analysis is discussed. 
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2. Background 

Crystallography, a scientific subject for studying 3D atomic arrangements in 

crystals, has been fundamental to the development of many fields of science. 

It serves as a bridge to connect the microscopic structures with macroscopic 

properties of crystals. The rapid developments of chemistry, biology, and 

material science has stimulated the development of new crystallographic 

interests and techniques. The structural analysis of various materials is im-

portant for a thorough understanding of formation mechanisms and their 

specific properties.  

Single crystal XRD, currently the most popular method for structure de-

termination, is not applicable when materials are synthesized only in powder 

form in small amounts or when the samples are poorly crystallized. Structure 

determination using powder XRD might work but it also suffers from the 

overlap of reflections. In these cases, EC can be used for structure character-

ization. The strong interaction between electrons and atoms makes it possi-

ble to study a submicrometer-sized particle. By saying EC, we mean crystal-

lography using electrons as a probe through microscopy and/or diffraction. 

EC has proven to be a powerful approach not only for giving crystal struc-

ture solutions but also for investigating structural deviations or modulations. 

Some necessary notes about EC will be introduced in the following text.  

2.1 Basic crystallography 

According to IUCr notation, “a material is a crystal if it has essentially a 

sharp diffraction pattern. The word essentially means that most of the inten-

sity of the diffraction is concentrated in relatively sharp Bragg peaks, besides 

the always present diffuse scattering.”42  

2.1.1 Lattice, unit cell, and symmetry 

An n-dimensional lattice L(r) can be described as an infinite array of regu-

larly spaced points in n-D space. Each lattice point has identical surround-

ings and one lattice point can generate the whole lattice in 3D space by line-

ar combinations of three primitive translation vectors a, b and c. The volume 

enclosed by these three vectors 𝒂 ∙ (𝒃 ∗ 𝒄) forms a unit cell. The length of 

three vectors and their inter-axial angles α, β, γ are called unit cell parame-
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ters. The unit cell is a repeating unit of a crystal structure. Therefore, the 

study of a crystal structure is to investigate the atomic arrangement in one 

unit cell. In reality, the crystal is not infinite and it has a size and shape. A 

shape function is needed to describe the crystal structure: 

𝐶(𝒓) = {𝐵(𝒓) ⊗ 𝐿(𝒓)} ∙ 𝑆(𝒓)                               (2.1) 

where B(r) means basis; L(r) is the lattice, and S(r) is the shape function. 

The most important character of crystals is the translation symmetry, 

which distinguishes crystals from amorphous materials. Except for that, 

there are also other symmetry elements such as rotation, mirror, inversion, 

etc.  Based on the rotation symmetry, 14 Bravais lattices fall into 7 crystal 

systems: triclinic, monoclinic, orthorhombic, tetragonal, cubic, hexagonal 

and trigonal. Each crystal system has its own particular constraints on unit 

cell parameters. Besides, a basis might have its own symmetry elements. The 

combination of rotation, inversion, mirror and rotation inversion gives 32 

crystallographic point groups. The grouping of 14 Bravais lattices, 32 point 

groups, screw axes and glide planes leads to a total of 230 space groups.   

2.1.2 Fourier transform and reciprocal space 

When we talk about crystal structure or atomic arrangement, we are address-

ing issues in real space, whereas the X-ray and electron diffraction belong to 

reciprocal space. They are related by the Fourier transform. A structure fac-

tor is a mathematical function describing the amplitude and phase of a wave 

diffracted from one crystal lattice plane. The structure factor is calculated as 

follows: 

𝐹(𝒒) = 𝐹𝑇[𝐶(𝒓)] = {𝐹𝑇[𝐵(𝒓)] ∙ 𝐹𝑇[𝐿(𝒓)]} ⊗ 𝐹𝑇[𝑆(𝒓)]      (2.2) 

The basis vectors a*, b* and c* of the reciprocal lattice are related to 

those of the lattice in real space.  

𝒂∗ =
𝒃×𝒄

𝒂∙(𝒃×𝒄)
; 𝒃∗ =

𝒄×𝒂

𝒂∙(𝒃×𝒄)
; 𝒄∗ =

𝒂×𝒃

𝒂∙(𝒃×𝒄)
                       (2.3) 

𝒂∗ ∙ 𝒂 = 𝒃∗ ∙ 𝒃 = 𝒄∗ ∙ 𝒄 = 1                                (2.4) 

2.2 Interactions of electrons with matter 

Electrons are negatively charged particles and they interact strongly with 

atoms via Coulomb forces. The distribution of electrostatic potential around 

one atom is similar to that of its electron density but falls off less steeply 

when going away from the center of the atom (Figure 2.1).7 When propagat-

ing in a medium, the wave functions of electrons and neutrons are solutions 

of a Schrodinger’s equation, while that of X-rays are deduced from a Max-
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well’s equation. The scattering amplitude of Si at s = 0 is approximately 

3.9*10-4 Å for X-rays (λ = 1.54 Å), 5.8 Å for electrons (λ = 0.037 Å), and 

4.1*10-5 Å for neutrons (λ = 1.33 Å).43 Therefore, the atomic scattering fac-

tor ratio fx: fe: fn ~ 1: 104: 10-1. The strong interaction of electrons with matter 

has two main effects: (1) electron diffraction/imaging requires a much 

smaller crystal than X-ray diffraction; (2) multiple-beam scattering is seri-

ous. 

 
Figure 2.1. 1D schematic representation of the distribution of electron densi-

ty ρ(r), electrostatic potential φ(r) and nuclei n(r) in a 1D crystal. 

Various signals can be obtained through the interaction between electrons 

and atoms through elastic scattering or inelastic scattering. Electrons for 

diffraction and backscattered electrons are generated by the elastic scattering 

of the incident electrons. Secondary electrons, Auger electrons, characteristic 

X-rays are emitted from the specimen during the inelastic scattering. Elec-

trons of EELS and Kikuchi lines are from the inelastic scattering of the inci-

dent electrons.  
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Figure 2.2. Signals generated from the interactions between electrons and a 

thin specimen. 

The electron scattering ability of an atom is characterized by its atomic 

scattering factor, which can be calculated from its X-ray atomic scattering 

factor using the Mott-Bethe formula: 

𝑓𝑒 (
sin(𝜃)

𝜆
) =

𝑚𝑒2

8𝜋𝜀0ℎ
2 (

𝜆

sin(𝜃)
)
2
(𝑍 − 𝑓𝑥(

sin(𝜃)

𝜆
))             (2.5) 

where 휀0 is the dielectric constant 8.854*10-12 F/m, Z is the atomic number 

and  𝑓𝑥(
sin(𝜃)

𝜆
) is the X-ray scattering factor.  

This formula is effective under the assumption of elastic scattering. “In X-

ray scattering, the quantity fx is defined as a ratio of the amplitude of the 

scattered wave from one atom to that scattered from one electron under the 

same condition. Therefore, fx is equal to Z in the forward scattering direction 

and it decreases with the increase of the scattering angle θ”.44 In the Interna-

tional Tables for Crystallography Vol.C45, the X-ray, and electron atomic 

scattering factors are given as a function of sin(θ)/λ in units of electrons and 

Å respectively. They all fall off with the scattering angle but follow different 

trends. There might be a crossing between electron scattering factors of two 

atoms. Of note, the electron atomic scattering factor varies with not only the 

element type but also the charge of atoms. 
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Figure 2.3. The atomic scattering factor of Zn (black) and Sc (red) for (a) X-

rays and (b) electrons.  

Inelastic electron scattering is usually considered as an absorption effect 

and it is phenomenologically represented by introducing a complex poten-

tial. The inelastic scattering amplitude not only depends on crystal structures 

but also depends on the energy of the incident electron beam. In X-ray crys-

tallography, anomalous scattering (excitation of core electrons) is used to 

determine the absolute structure of crystals. However, in electron crystallog-

raphy, absorptive scattering usually only amounts to a relatively small per-

centage of the total scattering (Figure 2.4). Therefore, in most cases it is 

ignored in calculations of kinematical and dynamical electron diffraction. 

Besides, due to the existence of strong multiple-beam scattering, it is diffi-

cult to use the absorption effect for the absolute structure determination in 

electron diffraction.  

 
Figure 2.4. The plot of the ratio between absorptive electron scattering factor 

and elastic scattering factor for atom O at 298 K and 200 kV. The elastic 

atomic scattering factor and absorptive scattering factor were calculated 

using the subroutine ATOM provided by Prof. David Bird.46  
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2.3 Scanning electron microscope 

SEM is a microscope for characterizing topological features or elemental 

information by scanning a focused electron beam on the specimen. In SEM, 

the signals include SEs, BEs, and characteristic X-rays. Detectors are above 

the sample rather than at the bottom like in TEM. The SEs and BEs have 

different energies but both can be used for image formation. SEs can be de-

tected at a large working distance, generating an image with a large depth of 

focus; while BEs with higher energy preserve more chemical information.  

One of the advantages for SEM images is the large depth of focus. This 

makes it possible to yield a three-dimensional appearance of a particle at a 

high magnification. This large depth of focus arises from the geometry of the 

beam optics (Figure 2.5). 

 
Figure 2.5. Illustration of the depth of focus in SEM. A is the diameter of the 

aperture; W is the working distance; d is twice of the pixel diameter; D is the 

depth of field; α is the converge angle. 

The objective lens in SEM focuses the electron beam to a crossover on a 

plane and the beam spot increases in size as being far away from this plane, 

either above or below. At a certain distance of D/2 above or below the focus 

plane, the diameter of the beam becomes twice of the diameter of a pixel in 

the image at the magnification being used, whereby the signals from neigh-

bor pixels overlap and blur the image. The depth of focus can be calculated 

as below: 
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𝐷 =
2𝑑∙𝑊

𝐴∙𝑀
                                                (2.6) 

where d is the pixel size; W is working distance; A is the diameter of the 

aperture; M is the magnification.  

The resolution of SEM mainly depends on the size of the probe, the 

smaller the better. Factors that limit probe size include coherence of emitted 

electrons, diffraction of the aperture, chromatic and spherical aberrations of 

lenses. It is worth mentioning that sample preparation significantly affects 

the quality of SEM images, especially high-resolution images. A charging 

effect will arise from the accumulation of electric charges on the surface of 

poorly conductive samples like silica and organic compounds. The charging 

effect will blur the image. To solve this problem, a gentle beam (GB) mode 

may be employed by introducing a negative voltage on the sample holder. 

The use of GB mode reduces the beam damage to the sample and improves 

the resolution of SEM images. 

2.4 Transmission electron microscope 

TEM provides important structure information about materials at the length 

scale from Ångström to sub-micrometer. The TEM instrument mainly con-

sists of three parts: an illumination system, an objective lens/stage and an 

imaging system (Figure 2.6).  

The illumination system is used to generate and focus the high-energy 

electron beam (parallel or convergent) onto the specimen. The most im-

portant part in a TEM is the second system, which includes an objective lens, 

two apertures (objective and select-area apertures) and a specimen stage. 

Here is the place where the electron-specimen interactions occur and the 

diffraction and image are formed. The imaging system is introduced for 

magnification of diffraction patterns or images. By changing the strength of 

the intermediate and projector lenses, either a diffraction or an image can be 

projected onto the screen.  

The objective lens is the heart of the whole microscope. The performance 

of a TEM depends on the quality of its objective lens. After electron waves 

pass through the specimen, all points on the exit surface become sources of 

spherical waves, the interference of which forms diffraction spots. In X-ray 

diffraction, diffraction spots are recorded by a camera without any lenses. 

Similarly, electron diffraction can also be obtained without an objective lens. 

The main function of the objective lens in TEM is to focus the scattered 

waves forming an image in the image plane. At the same time, the diffrac-

tion pattern is brought to the back focal plane and then magnified by the 

intermediate and projector lenses.  

To record a diffraction pattern, the select-area aperture is inserted in the 

image plane, that selects a certain area of interest for diffraction. Similarly, 



26 

 

an objective aperture can be used to select diffraction beams for image for-

mation. 

 
Figure 2.6. A photo of a single TEM machine (JEOL JEM-2100F) and 

the schematic representation of its main components.  

 
Figure 2.7. Ray diagrams of the SAED and image formation in a TEM. 

Adapted from Ref. 47. 
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2.4.1 Electron diffraction 

An incident electron beam behaves as a plane wave. After passing through a 

crystal, the plane wave will be scattered by a periodic lattice, forming a se-

ries of spherical waves. In kinematical scattering theory, the scattered waves 

have the same amplitudes but different phases. A constructive interference of 

exit waves will happen when their phase difference is 2nπ, generating a dif-

fraction spot on the detector. A simple way to describe this is Bragg equa-

tion: 

nλ = 2𝑑 sin 𝜃                                            (2.7) 

where n is the reflection order;  λ is the wavelength; d is the d-spacing of 

diffraction plane; 2θ is the angle between the incident and scattered beam. 

The Ewald sphere is a geometric construction to demonstrate the relation 

between the incident and scattered beams and the conditions for the diffrac-

tion. The Bragg diffraction condition is satisfied for reciprocal lattice points 

that lie on the surface of the Ewald sphere. Given the short wavelength of 

electrons, the Ewald sphere is flatter in the case of electron diffraction than 

in X-ray diffraction. More reflections are simultaneously excited in an ED 

pattern especially along zone axes. Many reciprocal lattice points in zero-

order Laue zone (ZOLZ) will approximately satisfy the diffraction condition. 

Depending on the unit cell and camera length, diffraction from high order 

Laue zone (HOLZ) might also be observed. 

 
Figure 2.8. Construction of the Ewald sphere and reciprocal lattice, and their 

relations. 

The interaction between electrons and crystals is complicated. Assuming 

kinematical scattering, the structure factor Fhkl can be calculated as follows 

with atomic form factor fj and coordinates (xj, yj, zj) of j-th atom (j = 1 to N; 

N is the number of atoms in a unit cell);  
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𝐹ℎ𝑘𝑙 = ∑ 𝑓𝑗 ∙ exp[2𝜋𝑖(ℎ ∙ 𝑥𝑗 + 𝑘 ∙ 𝑦𝑗 + 𝑙 ∙ 𝑧𝑗) − 𝑀𝑇,𝑗]
𝑁
𝑗=1 = 𝐴 + 𝑖𝐵  (2.8) 

𝐹ℎ𝑘𝑙
∗ = 𝐴 − 𝑖𝐵 = 𝐹−ℎ−𝑘−𝑙                                    (2.9) 

𝐼ℎ𝑘𝑙 = 𝐹ℎ𝑘𝑙 ∙ 𝐹ℎ𝑘𝑙
∗  and 𝐼−ℎ−𝑘−𝑙=𝐹−ℎ−𝑘−𝑙 ∙ 𝐹−ℎ−𝑘−𝑙

∗ = 𝐼ℎ𝑘𝑙          (2.10) 

where 𝑒−𝑀𝑇,𝑗 represents the effect of thermal vibration. 

Friedel’s law states that a Friedel pair of reflections (Bragg reflections re-

lated by the inversion through the origin) have an equal amplitude but an 

opposite phase. This law will be broken in XRD when anomalous scattering 

occurs. Friedel’s law is also effective in ED under the assumption of kine-

matical scattering. In ED, the break of Friedel’s law mainly comes from the 

multiple-beam scattering.  

The electrostatic potential distribution in the crystal structure is obtained 

through the Fourier synthesis of structure factors: 

𝜑(𝒓) =
𝜆

𝜎𝑉
∑ 𝐹(𝒒)𝑒−2𝜋𝑖𝒓∙𝒒

𝒒                               (2.11) 

where λ is the electron wavelength; σ is the interaction constant (
2𝜋𝑚𝑒𝜆

ℎ2 ); F(q) 

is the structure factor; V is the unit cell volume. 

If we know the amplitudes and phases of all structure factors, the poten-

tial distribution can be directly mapped using the inverse Fourier transform 

of structure factors. Unfortunately, the phase information is lost in the dif-

fraction. The structure solution using ED data is a procedure to find out the 

correct phases for the structure factors. The commonly used methods for 

structure solution will be discussed later.  

2.4.2 Precession electron diffraction  

PED is a technique to collect ED patterns by rotating an off-axis electron 

beam around the optic axis of TEM/STEM. As shown in Figure 2.9, the 

incident electron beam is tilted and spun at a fixed angle to the optic axis 

above the specimen. The exit beam is de-scanned below the specimen to fix 

the central beam at a certain point on the screen. As a result, a PED pattern 

contains more reflections than an SAED pattern because more diffraction 

conditions are satisfied at different precession angles. In addition, the reflec-

tion intensities are more kinematical in PED pattern even through the inher-

ent dynamical effect still exist. 

Both hardware-based48 and software-controlled PED25 methods are avail-

able. The hardware-based PED forms an ED pattern by integrating intensi-

ties through the Bragg condition of each reflection. Following this way, re-

flections from PED patterns are more suitable as input for crystal structure 

determination than those from conventional SAED patterns. PED is seen as a 

powerful method to identify the lattice constants, determine the symmetry 
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and solve the crystal structure ab initio. However, PED is not always effec-

tive in the identification of systematically forbidden reflections.49 

 

 
Figure 2.9. The schematic ray diagram of PED, illustrating the scan/de-scan 

of the beam above/below the specimen. 

During the past decades, there have been some reports on using PED to 

solve unknown crystal structures that could not be solved by X-ray diffrac-

tion. Efforts have also been devoted to establishing proper conditions for 

PED for different purposes. The optimum precession angle, as studied by 

some groups, should exceed the Bragg angle of highest reflection used in 

structure solution.48 Another emerging technique is achieved by scanning the 

electron beam and acquiring diffraction patterns pixel-by-pixel to build a 

four-dimensional data set, which consists of two-dimensional PED patterns 

in a two-dimensional real space. This scanning diffraction technique has 

been used for the identification of domain structures and changes in orienta-

tion across the selected region.50 

2.4.3 3D electron diffraction 

As reciprocal space is 3D, there is no surprise in the development of tech-

niques for 3D electron diffraction data collection. A simple idea can be easi-
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ly borrowed from single X-ray diffraction, which rotates a crystal and rec-

ords diffraction patterns. In a conventional tilt-series, diffraction patterns are 

taken along different zone axes by rotating a crystal around a single axis and 

combined together afterward. However, this process consumes a lot of time 

and requires certain experience. Only a limited number of reflections can be 

collected, which makes the structure solution difficult. In the past decade, 

two automated methods have been developed: automated diffraction tomog-

raphy (ADT, using precession hardware)21,22 and 3D electron diffraction 

tomography (3D EDT, software based, works on any computer-controlled 

TEM)24.  

ADT is a method to record a tilt series of PED patterns by rotating a crys-

tal around a single axis. 3D EDT method combines the crystal rotation and 

electron-beam tilt to cover a relatively large angles range. The great ad-

vantage of this combination is in sweeping a significant part of 3D reciprocal 

space using a fine step size without the need to find zone axes. At the same 

time, the multiple-beam scattering is diminished as most of the patterns are 

taken off zone axes. The details of 3D EDT will be discussed in chapter 3. 

2.4.4 Convergent beam electron diffraction 

Contrary to the use of a parallel beam in SAED, CBED adopts a converged 

electron beam. The cone of the converged beam will lead to a diffraction 

pattern of disks instead of spots.  

CBED contains more information about the point group and space group 

symmetry of the crystal than SAED. Usually, SAED patterns can only iden-

tify 11 Laue groups among 32 point groups while CBED can be used to dis-

tinguish all the point groups. Furthermore, reflection extinctions due to 

screw axes or glide planes can be determined in CBED patterns too, particu-

larly using the special extinction lines appearing in kinematically forbidden 

reflections, called as Gjønnes-Moodie (G-M) lines. Quantitative analysis 

using CBED has also been used for structural analysis and refinement. The 

careful analysis of CBED patterns and the comparison with simulations pro-

vide extra information, such as the crystal thickness. CBED has also been 

used to obtain the accurate electrostatic potential distribution of Cu2O.51 

CBED can also be used for the identification of enantiomorphic space 

groups based on the intensity asymmetry of Bijvoet pairs originating from 

the dynamical scattering.52–55 

2.4.5 High-resolution TEM imaging 

Electron scattering is sensitive to the variation of electrostatic potential in the 

crystal. However, the actual interaction between electron waves and electro-

static potential is complicated. An HRTEM image is not equivalent to the 

projected crystal potential. Some approximations are required before inter-
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preting HRTEM images. Generally, the phase-object approximation is as-

sumed, that is, electron waves passing through a crystal only suffer a phase 

shift. 

The incident electron wave at the entrance of a crystal is a normalized 

wave,  

𝜓0(𝑥, 𝑦) = 1                                      (2.12) 

 

The wavelength of electrons after accelerating by a voltage U is: 

𝜆 =
ℎ

√2𝑚𝑒𝑈+
𝑒2𝑈2

𝑐2

                                       (2.13) 

The electrostatic potential on the projection plane 𝜑(r) is much smaller 

than U. Therefore, after the incident wave passes through the crystal, the 

wavelength becomes: 

𝜆𝑐 =
ℎ

√2𝑚𝑒(𝑈+𝜑(𝒓))+
𝑒2(𝑈+𝜑(𝒓))

2

𝑐2

≈
1

[1+
𝜑(𝒓)

2𝑈
]
𝜆                (2.14) 

The phase change after crystal thickness t is 

Δ𝜙 = ∫2𝜋 (
1

𝜆𝑐
−

1

𝜆
) =

𝜋

𝜆𝑈
∫ 𝜑(𝒓)𝑑𝒓

𝑡

0
                  (2.15) 

Assuming 𝜑(𝑥, 𝑦) is the electrostatic potential projection from one unit 

cell, and 𝑁 ∗ 𝜑(𝑥, 𝑦) is the potential of crystal with the thickness of N unit 

cells. Then, 

Δ𝜙 =
𝜋

𝜆𝑈
∗ 𝜑(𝑥, 𝑦) ∗ 𝑁 = 𝜎𝑁𝜑(𝑥, 𝑦)                  (2.16) 

If only the phase changes after scattering, then the exit wave will be: 

𝜓𝑒𝑥(𝑥, 𝑦) = 𝑒−𝑖𝜎𝑁𝜑(𝑥,𝑦)                             (2.17) 

This is called the phase-object approximation. The wave can be expressed 

as a Taylor series: 

𝜓𝑒𝑥(𝑥, 𝑦) = 𝑒−𝑖𝜎𝑁𝜑(𝑥,𝑦) = 1 − 𝑖𝜎𝑁𝜑(𝑥, 𝑦) −
𝜎2𝑁2

2!
[𝜑(𝑥, 𝑦)]2 +

𝑖
𝜎3𝑁3

3!
[𝜑(𝑥, 𝑦)]3 + ⋯                                                 (2.18) 

The weak phase approximation only includes the kinematic scattering and 

ignores the multiple-beam scattering. Therefore, 

𝜓𝑒𝑥(𝑥, 𝑦) ≈ 1 − 𝑖𝜎𝑁𝜑(𝑥, 𝑦)                            (2.19) 

The exit wave can be considered as the sum of the incident wave and the 

scattered waves and it will be focused onto the back focal plane by an objec-

tive lens. Ψ𝑒𝑥(ℎ, 𝑘) represents a Fourier component of one scattered wave.  
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Ψ𝑒𝑥(ℎ, 𝑘) = ℱ[𝜓𝑒𝑥(𝑥, 𝑦)] =
1

𝑆
∫ ∫ 𝜓𝑒𝑥(𝑥, 𝑦)𝑒2𝜋𝑖(ℎ𝑥+𝑘𝑦)𝑑𝑥𝑑𝑦

𝑏

0

𝑎

0
≈

𝛿(ℎ, 𝑘) − 𝑖𝜎𝑁ℱ[𝜑(𝑥, 𝑦)] ≈ 𝛿(ℎ, 𝑘) −
𝑖𝜆𝑡

V
𝐹(ℎ, 𝑘)       (2.20) 

where 𝑆 = |�⃗⃗� × �⃗⃗� | is the area of unit cell in the projection, a and b are basic 

vectors, V is the volume of the unit cell, and 𝐹(𝒉, 𝒌) is the structure factor.  

According to the above equation, there is a phase shift of –π/2 between 

the scattered wave and the incident one. The relation between the exit wave 

and the image is, 

𝜓𝑖𝑚(𝒓) = 𝜓𝑒𝑥(𝒓) ⊗ 𝑇(𝒓)                               (2.21) 

I𝑖𝑚(𝒒) = Ψ𝑒𝑥(𝒒) ∗ 𝑇(𝒒) = 𝛿(𝒒) − 𝑘′𝑇(𝒒)𝐹(𝒒)           (2.22) 

where k’ is a constant and T(q) is the contrast transfer function. 

The contrast transfer function describes the effects of optical system on 

the waves, 

𝑇(𝒒) = 𝐴(𝒒)𝐸∆(𝒒)𝐸𝛼(𝒒)𝑒𝑖𝜒(𝒒)                          (2.23) 

where 𝐴(𝒒) is the effect of diffraction aperture; 𝐸∆(𝒒) is the envelope func-

tion of chromatic aberration; 𝐸𝛼(𝒒) is the function of incident beam conver-

gence; 𝜒(𝒒) is the phase shift caused by spherical aberration Cs (𝜒(𝒒) =

𝜋휀𝜆𝑞2 +
𝜋𝐶𝑠𝜆

3𝑞4

2
, 휀  is the defocus value). The optimum phase contrast is 

achieved at Scherzer focus value∆𝑧 = −(
4𝐶𝑠𝜆

3
)

1

2
 and the first cross-over is at 

𝑞𝑠1 = 0.66𝜆
3

4𝐶𝑠

1

4. 

The CTF function is mainly governed by two parameters: the focus value 

and the spherical aberration of the objective lens. At different focus values, 

the phases of scattered waves will be shifted by different amounts. As a re-

sult, the contrasts in HRTEM images can be totally different. This brings 

difficulties to interpret an HRTEM image. At defocus close to the Scherzer 

focus, CTF function will shift many scattered waves at small scattering an-

gles by -1/2π. As we mentioned above, the phases of scattered waves have 

already been shifted by -1/2π from the unscattered beam during the scatter-

ing process. Therefore, a total of –π phase shift is obtained between the scat-

tered wave and the direct wave after passing through the objective lens. This 

is the reason why sometimes we can locate atomic positions at black points 

in an HRTEM image. Another reason why HRTEM images should be taken 

near the Scherzer defocus is that single electron scattering will dominate the 

contribution to image contrast because singly and doubly scattered electron 

waves are transferred differently to the image by the objective lens.47 

𝐼𝑖𝑚(𝒒) = 𝐷(𝒒)[2𝐹𝐼(𝒒)𝑠𝑖𝑛𝜒(𝒒) − 𝐹𝐼𝐼(𝒒)𝑐𝑜𝑠𝜒(𝒒)]            (2.24) 
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Figure 2.10. The envelop function Sin[χ(q)] and D(q), and contrast transfer 

function T(q) at focus value -40 nm. The microscope parameters are: U = 

200 kV, Cs = 0.6 mm, Δ = 100 Å and α = 0.0286°. 

The reconstruction of a 3D potential map from Fourier coefficients ex-

tracted from HRTEM images along different zone axes provides an im-

portant tool for structural analysis of porous materials. From Figure 2.11, we 

can see that strong reflections contribute more to the potential distribution 

while high order reflections contribute more to the structure details. 
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Figure 2.11. HRTEM image, Fourier diffractogram and Fourier synthesis of 

the projected potential maps of a mesoporous crystal along the [001] axis 

using different waves. 

2.5 Methods for structure solutions by diffraction 

The process of solving a crystal structure is to derive relations between the 

crystal structures and experimental reflection intensities. In general, three 

methods are commonly used: the Patterson method, direct methods, and 

charge-flipping. 
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2.5.1 Patterson method 

In 1934, Patterson56 showed that the problem of missing phases in the Fouri-

er synthesis of structure factors can be avoided by replacing F(hkl) with 

|F(hkl)|2: 

𝑃(𝑥, 𝑦, 𝑧) = 1/𝑉 ∑ ∑ ∑ |𝐹(ℎ𝑘𝑙)|2exp[−2𝜋𝑖(ℎ𝑥 + 𝑘𝑦 + 𝑙𝑧)]𝑙𝑘ℎ    (2.25) 

In Patterson maps, the position of a “peak” at (x, y, z) corresponds to the 

vectors between two atoms (x1, y1, z1) and (x2, y2, z2) that satisfies: 

𝑥 = 𝑥2 − 𝑥1, 𝑦 = 𝑦2 − 𝑦1, 𝑧 = 𝑧2 − 𝑧1(2.26) 

From the above equation, there will be always a corresponding peak at (-

x, -y, -z). Therefore, the Patterson map is centrosymmetric. If a unit cell con-

tains a number N atoms, its Patterson map will exhibit N2 peaks, among 

which N peaks will be at the origin, representing the vectors between each 

atom and itself. The intensity of each peak is proportional to the product of 

the atomic numbers of the two atoms to which the vector refers. This makes 

the Patterson function particularly effective for the identification of the posi-

tions of heavy atoms when most of the other atoms are light. The Patterson 

method does not make any assumptions, which is a direct interpretation of 

diffraction data. 

2.5.2 Direct methods 

Direct methods are statistical approaches to determine the phase of reflec-

tions by the use of phase relationships among reflections. They use the triplet 

phase relation generating phases for a selected group of strong reflections 

and employ a tangent formula for a further modification. A key step in the 

development of direct methods was taken by Hauptman and Karle57, who 

employed the Sayre equation. They were awarded the Nobel Prize in chem-

istry for this work in 1985.  

The normalized structure factor E(hkl) is defined as 

𝐸(ℎ𝑘𝑙) =
𝐹(ℎ𝑘𝑙)

√𝜀∑ 𝑓𝑗
2(ℎ𝑘𝑙)𝑗

                                      (2.27) 

Typically, reflections with E>1.5 are considered strong. If two reflections 

H and K are both strong, then the high electron density is likely to be found 

close to the parallel planes defined by H and K. It is also highly possible that 

the electron density will also be high in planes of -H-K reflections. A triplet 

relationship is given as  

𝜙𝑯 + 𝜙𝑲 + 𝜙−𝑯−𝑲 ≈ 0                                    (2.28) 

The earliest formulation of the triplet-relation for the centrosymmetric 

case is via Sayre’s equation 



36 

 

𝐹(𝑯) =
𝑓

𝑔

1

𝑉
∑ 𝐹(𝑲)𝐹(𝑯 − 𝑲)𝑲                              (2.29) 

where f/(gV) is the scaling constant. 

One reflection can appear in different triplets: they might give the same 

phase or different phases. Therefore, the phase of each reflection is calculat-

ed by a tangent formula: 

𝑡𝑎𝑛𝜙𝐻 =
∑ 𝐸𝐾𝐸𝐻−𝐾𝑠𝑖𝑛(𝜙𝐾+𝜙𝐻−𝐾)𝐾

∑ 𝐸𝐾𝐸𝐻−𝐾𝑐𝑜𝑠(𝜙𝐾+𝜙𝐻−𝐾)𝐾
                            (2.30) 

2.5.3 Charge flipping  

Charge flipping is a more recently developed algorithm of ab initio structure 

solution method.58 It runs an iterative cycle that modifies the calculated elec-

tron density in real space and structure factors in reciprocal space. The modi-

fication acts either as a constraint on searching for solutions or as perturba-

tions to avoid stagnation of the process. Basically, the sign of electron densi-

ty below a small positive threshold will be reversed and high-frequency per-

turbations are introduced. It can solve the crystal structure even without 

knowledge of chemical compositions and space group.  

 
Figure 2.12. Flow chart of the charge-flipping method. 
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3. 3D electron diffraction 

Electron diffraction has been frequently used in materials science to study 

the crystal structure of solids. Given the strong interaction between electrons 

and matter, 3D electron diffraction shows its particular advantages for the 

investigation of nano-sized crystals over single crystal X-ray diffraction. The 

conventional way to obtain 3D electron diffraction data is collecting a tilt 

series of diffraction patterns.12 However, there are several drawbacks associ-

ated with this method. First, the tilting angle of the goniometer in TEM is so 

limited that only a few zone axes can be reached from one crystal by the 

rotation. As a result, a limited number of reflections are available, which 

makes it difficult to solve the structure. Second, SAED patterns taken along 

zone axes suffer effects of strong multiple-beam scattering as many reflec-

tions are excited at the same time. The reflections extracted from these pat-

terns are not suitable for ab initio structure solution. Third, it takes a long 

time to collect a tilt series. These disadvantages limit the application of the 

conventional 3D electron diffraction method. 

To overcome these difficulties, different methods to collect 3D electron 

diffraction data have been proposed. Recent developments in data collection 

allow automatic and fast acquisition of 3D electron diffraction data from a 

single sub-micron crystal. This makes it easy to reconstruct a 3D reciprocal 

lattice with a large completeness and perform quantitative extraction of re-

flection intensities. During the past decade, many papers59–64 have been pub-

lished reporting the solution of crystal structures using these new methods 

that could not be solved by X-ray diffraction. In this chapter, 3D EDT tech-

nique is described and explored for unit cell confirmation, symmetry 

determination, and ab initio structure solution.  

3.1 Data collection 

3D EDT data are collected using a TEM with a parallel beam under the con-

trol of the EDT-Collect program24. The automatic data collection is done 

through both mechanical and electronic tilts. The mechanical tilt (also called 

goniometer tilt) ensures a large angle coverage of reciprocal space while the 

electronic tilt (the beam tilt) will slice the gap between each goniometer tilt 

at a fine step. The goniometer tilt is around a certain axis, usually the main 
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goniometer axis. The beam tilt controlled by deflection coils is always per-

pendicular to the axis of goniometer tilt.  

 
Figure 3.1. Schematic illustration of 3D EDT technique. The data collection 

and processing are done using corresponding programs. 

Figure 3.1 shows a brief illustration of 3D EDT method. The blue lines 

represent the direction of the crystal reachable by goniometer tilts and the 

yellow lines show the crystal directions covered by the electron beam by 

using electronic tilts. Differing from 4-axis rotation in the case of single 

crystal X-ray diffraction, the crystal here is only rotated around a single axis. 

The directions of the mechanical and electronic tilts are both perpendicular 

to the principle goniometer tilt axis. The electron beam is tilted off the optic 

axis by a group of upper condenser-lens deflection coils and brought back to 

the crystal by a group of coils below. In this way, the electron beam is (i) 

tilted by a designed angle; (ii) re-centered on the detector (de-scanned) and 

(iii) simultaneously illuminates the same area of the specimen.   

The crystal can be rotated from approximately –71° to +71° in our TEM 

(JEOL JEM-2100 LaB6) using a high-tilt sample holder, which covers a total 

145° of reciprocal space (142° is covered mechanically by the goniometer 

plus 3° are covered extra by the beam tilt at the starting and final points of 

the data collection). In a typical setting, a goniometer tilt at 3.0° and a beam 

tilt at 0.1° are used to collect more than 1000 frames within one hour. The 

setting of parameters depends on the crystal and purpose. If the dataset is 

only intended for the unit-cell determination or phase identification, ~100 

frames at a large beam-tilt step are enough. Optimal exposure time can be 

determined from pre-acquired SAED frames to collect strong but not over-

saturated diffraction spots. 
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The beam tilt should be calibrated before data collection, which can be 

done automatically through the EDT-Collect software, using the cross-

correlation. A combination of deflections along x and y directions ensures 

that the beam is always perpendicular to the goniometer during the tilt. The 

calibration needs to be done again if TEM settings such as camera length 

change.  

 
Figure 3.2. The main interface of EDT-Collect program. The two frequently 

used functions are “calibration” and “collect data”.  

The position and height of a crystal will change during the rotation. 

Therefore, the crystal needs to be moved back after each rotation and the 

height should be compensated using z-height knobs in TEM. In principle, 

this can be done automatically by the software through tracking the crystal 

after each rotation. At present, it is performed manually. 

The strategy for 3D EDT data collection depends on the specific sample. 

The electron-beam sensitivity and the morphology of a crystal are two main 

factors that need to be considered in 3D EDT data collection. If the sample is 

very stable, a single crystal with strong diffraction and small size (tens to 

hundreds of nanometers) is preferred. However, many materials like zeolites, 

metal-organic frameworks (MOF) and covalent-organic frameworks (COF) 

are sensitive to electron beams. The crystal might decompose gradually due 

to irradiation or heating during the data collection. In these cases, a low elec-

tron dose is adopted by using a small spot size, small condenser aperture, 
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and weak brightness. The time for data collection can be reduced by balanc-

ing the exposure time and reflection intensity.  

The other concern is the preferred orientation because of special mor-

phologies of certain samples. If the sample is a 1D or 2D nanomaterial, re-

flections along one main axis might be not available, which sometimes 

brings difficulties to structure solutions. To minimize the effect of preferred 

orientation, some techniques might be used for sample preparation, such as a 

microtome. Moreover, two or more data sets can be merged together for a 

larger completeness of reciprocal space.  

A routine in the 3D EDT-Collect program can be used to acquire PED 

patterns. In this software-controlled PED, individual frames are recorded at 

each precession angle and reflection intensities can be integrated afterward, 

which is different from the hardware-controlled PED. This functionality may 

be helpful to solve complicated symmetry problems. 

3.2 Data processing 

After data collection, all the collected ED frames are processed by EDT-

Process program24 to reconstruct the 3D reciprocal lattice. The process usu-

ally follows these procedures: peak search, frame alignment, tilt axis refine-

ment, unit cell determination, symmetry & reflection conditions identifica-

tion and intensity extraction.  

 
Figure 3.3. The main interface of EDT-Process. The general procedure fol-

lows an order of “process data”, “goniometer axis”, “3D view”, “unit cell” 

and “intensities”. 

The reflection spots are searched in each acquired ED frame by looking 

for pixels with intensity above a given threshold. A box with a user-specified 

radius is used to integrate the intensity for all the peaks. Dead pixels on the 
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CCD may generate fake peaks, which can be avoided by setting the mini-

mum number of pixels in the peak. Even though the beam tilt has been com-

pensated below the specimen, there is always a small shift between frames. 

At this point, the center of one frame can be located by specifying a Friedel 

pair of reflections. The program will try to locate the centers for all other 

frames automatically by cross-correlation. The automatic frame alignment 

may run into trouble if a beam stopper is used. In this case, Friedel pairs can 

be searched manually in each frame and the center is positioned at the mid-

dle of two reflections. The next step is to refine the goniometer axis: a coarse 

step of 1° and a fine step of 0.05° (Figure 3.4). This procedure will help to 

orient the frames in 3D reciprocal space. 

 
Figure 3.4. The interface of calculating the goniometer axis. Here the goni-

ometer tilt axis angle is found to be 44°. 

Up to this point of processing, it is possible to visualize reconstructed 3D 

reciprocal space in the software. In the next step, a unit cell is needed to 

index the reflections. EDT-Process allows an automatic or manual unit cell 

calculation, both of which need to do peak clustering at first. The direct 

search for three shortest vectors in the reciprocal lattice may fail since reflec-

tions with the shortest reciprocal lattice vectors are usually blocked by the 

central beam or are not available due to the missing cone.22 The automatic 

way here is performed by the difference vector space method. From n ob-

served reciprocal-lattice vectors, n*(n-1) difference vectors are formed and 

accumulated in a 3D histogram. The three shortest and linearly independent 

vectors in the difference vector space correspond to the unit cell parameters. 

The difference vector space significantly enhances the statistics of these 

shortest reciprocal distances.  
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Figure 3.5. The representation of (a) difference vector space and (b) cluster 

centers in different vector space. 

The manual calculation is done by rotating the 3D reciprocal lattice so 

that lattice points are well aligned along three main zone axes. Depending on 

the calibration of camera length and pixel constant, the error in the unit cell 

parameters can be up to 5%. This error can be reduced by calibration using 

the diffraction rings from a known sample. Usually, the scaling of the dif-

fraction pattern has been calculated for the microscope at different camera 

lengths. The calculated unit cell can be transformed to a new cell after de-

termining the lattice type.  

The Laue class of reconstructed reciprocal lattice can be obtained by 

checking the symmetry elements. There are 11 Laue classes of 3D reciprocal 

lattices. The reconstructed lattice can be sorted into one of these Laue classes 

based on their symmetries. 2D slices cut from the 3D lattice provide addi-

tional information about reflection conditions. The combination of Laue 

class and reflection conditions suggests one or several possible space groups, 

which will be useful for the subsequent structure solution.  

Finally, the software extracts reflection intensities based on the indexing 

from the determined unit cell. The generated hkl file can be used for the sub-

sequent ab initio structure solution through other software such as SHELX, 

SIR, Jana2006, etc. 

3.3 Phase identification of Ta3N5/Ba-Ta3N5 (Paper I)65 
and ZnO nanorods (Paper II)66 

Phase identification is very important in materials science and synthetic 

chemistry. The phases of materials need to be confirmed for understanding 

their properties. The most widely used method for phase identification is 

PXRD. The target phase can be identified by comparing the positions and 

intensities of peaks in the experimental pattern with those in the database. 
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However, the use of PXRD might be problematic for samples containing 

multiple or unknown phases. In particular, sometimes we are interested in 

the structure of a single nanoparticle.  

3D EDT provides a fast and efficient way for phase identification of a 

single nanoparticle in a sample. In this section, two examples where the re-

spective phases of nanorods are identified using 3D EDT are given.  

The study of metal-oxide/nitride nanorods is popular owing to their state-

of-the-art energy conversion efficiency. Many of them have been found use-

ful for photoelectrochemical (PEC) splitting of water into hydrogen and ox-

ygen.67 This is a promising way to provide a CO2 free fuel as an alternative 

to fossil fuels. The structural analysis of these materials helps to understand 

their catalytic mechanism and improve the efficiency of photoanodes for 

PEC water splitting. However, sometimes the synthesized materials contain 

multiple phases or phase transformation might happen during the doping 

process. This makes it difficult to characterize the materials using PXRD. 

Figure 3.6 shows the PXRD patterns of the as-synthesized and Ba-doped 

tantalum nitride nanorods. Barium (~2.7% molar percentage from X-ray 

photoelectron spectroscopy) was doped to improve the efficiency of the 

Ta3N5 nanorod photoanode. The PXRD analysis shows that the two samples 

not only contain the targeted phase Ta3N5 but also include other phases like 

Ta5N6, Ta2N, and Ta. It is difficult to confirm that whether the nanorods are 

single crystal or not.  

 
Figure 3.6. Powder XRD patterns of Ta3N5 and Ba-Ta3N5 nanorods. Reprint-

ed with permission from the Ref. 65. Copyright © 2013, Rights Managed by 

Nature Publishing Group. 
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Therefore, 3D EDT data have been collected from both Ta3N5 and Ba-

doped Ta3N5 samples. Figure 3.7 shows three projections of 3D EDT data 

from a single Ta3N5 and Ba-Ta3N5 nanorod, respectively. The sharp diffrac-

tion spots and regular reciprocal lattice indicate that the nanorods are highly-

ordered in the form of single crystals. Both of them have been found to have 

the same structure with the space group Cmcm and unit cell parameters a = 

3.6 Å, b = 10.0 Å and c = 9.9 Å, which are consistent with the structure of 

Ta3N5 in the database (ICSD: 66533)68. At the present stage, we cannot dis-

tinguish Ba-Ta3N5 from Ta3N5 as 3D EDT data without dynamical refine-

ment is not sensitive enough to detect the substitution of Ba for Ta with low 

content of Ba.  

 
Figure 3.7. Projections of the reconstructed 3D reciprocal lattice from one 

Ta3N5 (a-c) and Ba-Ta3N5 (d-f) nanorods along [100], [010] and [001] direc-

tion, respectively. One orthorhombic unit cell is determined to be: a = 3.6 Å, 

b = 10.0 Å, c = 9.9 Å. Reprinted with permission from the Ref. 65. Copy-

right © 2013, Rights Managed by Nature Publishing Group. 

Another example is the ZnO-ZnGaON nanorod, being useful for stable 

and efficient sunlight water splitting. The nanorods were obtained via a high-

temperature vapor-phase diffusion reaction of gallium (Ga) and nitrogen (N) 

on a ZnO nanowire array. A single ZnO nanorod was also studied using 3D 

EDT technique, as shown in Figure 3.8. The unit cell parameters were calcu-

lated to be a = b = 3.25Å, c = 5.20 Å, α = β = 90° and γ = 120°. The Laue 

class was determined to be 6/mmm and reflections conditions was 00l: l=2n. 

The structure was confirmed to be hexagonal wurtzite.  
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Figure 3.8. (a) 3D EDT data of one ZnO nanorod; (b) and (c) are hk0 and 0kl 

planes cut from (a). Adapted from Ref. 66 with permission from The Royal 

Society of Chemistry. 

As the structures of Ta3N5 and ZnO are known, here we mainly show the 

unit cell and symmetry determination and phase identification using 3D EDT 

data. The two nanomaterials are highly crystallized and are very stable under 

the electron beam. Therefore, the data collection and structure solution is 

relatively easy.  

3.4 ab initio structure solution using 3D EDT data 

3.4.1 ab initio structure solution of zeolites 

After the determination of the unit cell and space group, reflection intensities 

can be extracted from EDT data for ab initio structure solutions of crystals. 

The standard structure solution methods used in X-ray crystallography, such 

as direct methods (implemented in SHELX, SIR, etc.), charge flipping (Su-

perflip, Jana2006, etc.) and simulated annealing (FOX, SIR, etc.), can also 

be applied in electron crystallography. In general, the electron atomic scat-

tering factors for each atom have been implanted into the programs; other-

wise, they need to be input manually before the structure determination. 

Different possible space groups and data resolutions may be tried for the best 

structure solution. Most programs allow mapping of the electrostatic poten-

tial distribution in a unit cell and automatically locate the atomic positions. 

Without taking dynamical scattering into account, the structure solution de-

termined using 3D EDT data usually gives a high R1 value. In some cases, 

the solved structure of an unknown compound should be refined using other 

data like PXRD patterns.  
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Figure 3.9. 3D EDT data of two zeolites with (a) LTA and (c) STW frame-

works and their structure solutions (b) and (d). Electrostatic potential maps 

superimposed on atomic structure models are shown with thresholds σ 

(0≤σ≤1) of (b) 0.42 and (d) 0.32, respectively. 

Figure 3.9 shows examples of structure solution for two zeolites using 3D 

EDT data. The structures of both crystals were solved using direct methods. 

Reflections with d-spacing larger than 0.9 Å were used for the structure solu-

tions. Space groups were determined to be Pm-3m and P6122 (or P6522), 

respectively. As we can see, the structure solutions are chemically reasona-

ble as shown by finding the correct locations of all the T and O atoms via the 

obtained potential maps. Extra potential maxima can be assigned to extra-

framework ions or water molecules. In principle, we can perform dynamical 

refinement of the structure model using 3D EDT. This procedure is compli-

cated as many parameters need to be included, such as crystal thickness, 

temperature factors, and reflection conditions. Therefore, we usually do not 

refine zeolite structures using 3D EDT data, while sometimes the Rietveld 

refinement can be done against PXRD data.  
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3.4.2 Quasicrystal approximant Zn17Sc3 

The structural determination of quasicrystals (QCs)69 is still a challenging 

topic. Conventional techniques such as X-ray, electron, and neutron diffrac-

tion have been used to provide valuable information regarding the constitu-

ent clusters and their local packing manners.70–72 In particular, the study of 

analogous approximant crystals provides hints to the QCs because the crystal 

structure of an approximant is generally described as a periodic packing of 

clusters, which is also the construction basis of the relevant quasicrystals. 

Solving the structure of approximants remains a challenging and fascinating 

problem.  

Herein, we are trying to open a new approach for a structure solution of a 

Zn-Sc approximant (Zn17Sc3) by 3D EDT. The structure can be solved using 

direct methods or charge flipping on the basis of 3D electron diffraction 

data. Figure 3.10a shows one slice cut from reconstructed 3D EDT data 

along the [100] direction. The space group was determined as Im-3 with a = 

14 Å. 561 unique reflections have been extracted for the Zn-Sc approximant 

to solve its structure. The electrostatic potential map (Figure 3.10b) obtained 

using direct methods shows the projection of atoms along the [001] direc-

tion, which coincides with the structural model in the database73. 

 
Figure 3.10. (a) h0l plane cut from 3D EDT data, (b) electrostatic potential 

map along [001] solved by direct method based on 3D EDT data and (c) 

structural model of the Zn17Sc3approximant from the ICSD database. 

 

3.4.3 Structure solution of a new binary vanadium oxide V4O9 

Vanadium oxides have been a long-standing research target because of the 

variety of its structures and electric/magnetic properties.74,75 To understand 

the electric/magnetic mechanism of compounds, it is necessary to investigate 

carefully their structural features. Most of the vanadium oxides exhibit typi-

cal characteristics of “sheer structure” based on VO2 rutile structure. The 

structure of VnO2n-1 is obtained by removing one oxygen layer every n VO 

layers and shifting the vector ½[0-1-1]. Many compounds belonging to 

VnO2n+1 have been described in a similar way. Up to now, synthesis and 
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structures of seven (n = 3-9) VnO2n-1 members and three (n = 3, 4 and 6) 

VnO2n+1 members have been reported. The known homologous VnO2n-1 series 

between V2O3 and VO2 include V3O5
76, V4O7

77, V5O9
78, V6O11

79, V7O13
79, 

V8O15
80, and V9O17

79. However, the number of the VnO2n+1 series is much 

less, with only single crystals of V3O7
81 and V6O13

82 having been obtained.  

The pure phase of V4O9, a new member of the Wadsley phases, has been 

recently synthesized from V2O5 by using sulfur as reducing agent at low 

temperature.83 A structure model was proposed by Prof. Ueda based on 

structure model building, SAED patterns, PXRD and neutron diffraction. 

Herein, we present the ab initio structure solution of V4O9 using 3D EDT.  

The 3D EDT data obtained from V4O9 were collected in the range of -

71.4° to 47.4° using the mechanical goniometer tilt at a step of 3º and the 

electron beam tilt at a step of 0.1°. All the collected diffraction frames were 

used to reconstruct the 3D reciprocal lattice as shown in Figure 3.11b-d. 

Initially, it was difficult to identify the symmetry and confirm the unit cell 

due to the twinning of two domains. An orthorhombic unit cell was found 

after separating two datasets: a = 10.25Å; b = 8.28Å; c = 16.5Å. Two twin-

ning domains join together by sharing common (110) planes and reflections 

that satisfy the condition of h = k+4n are overlapped. For example, all the 

h,h,l reflections from domain 1 overlap with h,h,l reflections from domain 2. 

Fortunately, some reflections do not overlap, which gives a reference to split 

the overlapped reflection intensities. Finally, the intensities of overlapped 

reflections have been split into two with a ratio of 0.7: 0.3 after a careful 

check. The reflection conditions can be summarized as: hkl: h+k = 2n, 0kl: k 

= 2n and h0l: h,l = 2n, which indicate three possible space groups of Cmc21, 

C2cm and Cmcm.  

 
Figure 3.11. (a) Powder XRD pattern and (b), (c), (d) slices cut from recon-

structed 3D reciprocal space of V4O9. 
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The structure of V4O9 was solved ab initio using one set of 3D electron 

diffraction data. Figure 3.12 shows the obtained 3D electrostatic potential 

map and corresponding atomic structure model along [010] and [100] direc-

tions using the space group Cmcm. It shows that V4O9 has a layered structure 

with the layer plane perpendicular to the c axis and VO layers are connected 

through O atoms. Vanadium atoms form octahedra (V1 and V2) chains 

along [001] by sharing the corners and pairs of octahedra are linked by tetra-

hedra (V3) in the ab plane. One apical oxygen atom O2 of the distorted oc-

tahedral is far from V1 along the c-axis. Compared with the reported struc-

ture, the ab initio solved structure has a relative shift down by 1/4c except 

for atoms O1, O2 and O4. The atomic position O4 in the solved structure is 

occupied by O1 and O2 in the reported structure. In fact, the calculated 

PXRD pattern of the solved structure is very similar to that of the reported 

one. Although the same structure model is always obtained from ab initio 

solution using 3D EDT data, we cannot exclude the structure reported by 

Prof. Ueda et al. We are trying to use other technique to confirm the final 

crystal structure.  

 
Figure 3.12. (a) 3D electrostatic potential map; (b), (c), (d) its corresponding 

structure model solve by 3D EDT data using direct methods; (e) and (f) pro-

jections of the structure model proposed by Prof. Ueda83.  



50 

 

Table 3.1. Atomic positions of V4O9 in the solved and reported structure 

models.  

 Solved structure Reported structure 

Atom Site x y z Site x y z 

V1 

V2 

V3 

O1 

O2 

O3 

O4 

O5 

O6 

O7 

8f 

8f 

16h 

4c 

4c 

8g 

8f 

16h 

16h 

16h 

0.500 

0.000 

0.211 

0.000 

0.500 

0.224 

0.000 

0.384 

0.142 

0.376 

0.201 

0.348 

0.011 

0.400 

0.230 

0.976 

0.311 

0.029 

0.191 

0.383 

0.904 

0.875 

0.853 

0.750 

0.750 

0.750 

0.000 

0.881 

0.856 

0.888 

8f 

8f 

16h 

4c 

4c 

8e 

8f 

16h 

16h 

16h 

0.500 

0.000 

0.209 

0.000 

0.500 

0.204 

0.000 

0.371 

0.138 

0.366 

0.205 

0.353 

0.013 

0.320 

0.209 

0.000 

0.338 

0.002 

0.191 

0.318 

0.156 

0.130 

0.096 

0.250 

0.250 

0.000 

0.001 

0.132 

0.120 

0.130 

 

 
Figure 3.13. The calculated PXRD patterns from the ab initio solved struc-

ture, the reported structure and the experimental one.  
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3.5 The study of structures containing layer stacking 

faults using 3D EDT 

Except for sharp diffraction spots, diffuse streaks are sometimes observed in 

reconstructed reciprocal space, bringing difficulties to the determination of 

the Laue class and unit cell. This is quite common for 2D layered materials 

or crystals with layer stacking faults. The study of stacking faults is also of 

importance because they have a significant effect on the properties of crys-

tals. 

In the case of layer stacking faults, there are following relations between 

the crystal structure and diffuse streaks. 

Assuming the structure factor of one building unit: 

𝐹(𝒒) = ∑ 𝑓𝑗 ∙ 𝑒2𝜋𝑖𝒒∙𝒓𝒋𝑁
𝑗                                 (3.1) 

then the average scattering factor for one crystal consisting of M basic units: 

𝐹′(𝒒) =
∑ ∑ 𝑓𝑗∙𝑒

2𝜋𝑖𝒒∙(𝒓𝒋+𝒕𝒍)𝑁
𝑗

𝑀
𝑙=1

𝑀
=

∑ 𝑒2𝜋𝑖𝒒∙𝒕𝒍𝑀
𝑙=1

𝑀
𝐹(𝒒)              (3.2) 

where tl is the shift vector of layer l. 

3.5.1 Structural analysis of ETS-10 

ETS-10 is a microporous titanosilicate discovered in 1989 by scientists in 

Engelhard.84 It has shown an excellent propensity for the selective removal 

of harmful heavy metal ions, the potential to work as an effective catalyst for 

various reactions and a photoactive material for solar cells.85 The important 

properties lie in the structural features whereby its framework contains linear 

-Ti-O-Ti-O- quantum wires running along two perpendicular directions. 

However, the quantum wires may be broken due to the occurrence of defects. 

To know the coherence length of these quantum wires and their distribution 

inside one crystal, we need a careful study of the fine structures in ETS-10.  

The basic framework of ETS-10 has been revealed by combining electron 

microscopy, NMR, lattice refinement through distance least-squares analy-

sis, and finally simulation of both X-ray and electron diffraction patterns.86 

The framework can be constructed on the basis of rod-like “TiO2” surround-

ed by tetrahedral silica units. Octahedral [TiO6] are linearly connected by 

sharing corners to form a “rod”. Another four corners of octahedra are linked 

with silica tetrahedra by sharing oxygen atoms. The connectivity of [SiO4] 

forms a chain of silicate 5-rings, which also leaves open sites for joining 

with the neighboring rods. As the plane of two open sites plane is perpendic-

ular to the rod, the only way to connect two chains is by 90° rotation. As a 

result, the two orthogonal [(Ti4Si20O52)8-]n columns create the basic building 

layer for the ETS-10 structure.  
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Although the basic building layer is regarded as a rigid body, the stacking 

behaviors of layers are varied. The packing of layers along c direction is 

achieved by shifting ±1/4a and ±1/4b (in Polymorph A configuration) with 

respect to its former layer. This produces various stacking arrangements, as 

well as two kinds of defects: layer stacking faults and defects within one 

layer such as coalesced micropores. In the 2D projection viewed along the 

12-ring pore channel, there are four possible positions for each layer, denot-

ed as A, B, C, and D, corresponding to 0 shift, ¼ shift, ½ shift, and ¾ shift 

along a or b with respect to the origin. Various polymorph structures can be 

formed by layers with different stacking sequences, of which two extreme 

cases are ABAB… (Polymorph A; s.g.: P41 or P43) and ABCD… (Poly-

morph B; s.g.: C2/c). 

 
Figure 3.14. Structure model of ETS-10: (a) Polymorph A and (b) Poly-

morph B. 

One 3D EDT data set from a ETS-10 crystal were collected using a high 

tilt specimen holder which scanned ~100° of reciprocal space. In the recon-

structed 3D reciprocal lattice (Figure 3.15), both sharp spots and diffuse 

streaks can be observed. The sharp reflections indicate that the sample is 

well crystallized, and diffuse streaks suggest that planar defects occur along 

the c direction. As the actual crystal structure is much more complicated than 

a simple mixture of Polymorph A and Polymorph B, the 3D electron diffrac-

tion features cannot be easily explained by either of two structures. However, 

to solve the structure, it is necessary to define a periodic lattice in 3D recip-

rocal space. The unit cell parameters and indices for electron diffraction have 

been simultaneously determined using sharp diffraction spots. 

There are two choices for the unit cell: 1) a = b = 14.5 Å, c = 27.1 Å, α = 

β = γ = 90° (consistent with Polymorph A); 2) a = b = 20.7 Å, c = 14.3 Å, α 
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= γ = 90°, β = 112.8° (consistent with Polymorph B). After the analysis of 

reflection intensities distribution in 3D reciprocal space, a possible presence 

of a 4-fold axis along the c* axis was revealed. This might be due to the 

contribution from the Polymorph A or twinning of the Polymorph B, which 

will be discussed later. The Laue class could be either 4/m or 2/m consider-

ing twining, corresponding to tetragonal or monoclinic crystal system re-

spectively. In the tetragonal crystal system, the reflection extinction rules can 

be summarized as {00l: l=4n}, corresponding to extinction symbol of 41 

screw axis. Therefore, the possible space groups are P41 and P43. In the 

monoclinic crystal system, the reflection extinction rules are summarized as 

{hkl: h+k=2n; h0l: h,l=2n}, corresponding to extinction symbol of C-center 

and c glide perpendicular to the b axis. Therefore, the possible space group is 

C2/c.   

Moreover, the electron diffraction contains a mirror symmetry with the 

plane perpendicular to [110] or [1-10], indicating twin domains with Poly-

morph B structure. The twinning effect imposes a pseudo 4-fold rotation 

symmetry along c* and leads to the overlap of certain reflections. Before 

solving the structure using the second unit cell, amplitudes of those over-

lapped reflections were split in a ratio of 1:1 because contributions to diffrac-

tion intensities from each variant of twins seems to be equal. Even in the 

presence of strong diffuse scattering, the structure of ETS-10 could still be 

solved ab initio using either of two unit cells. The structure solution gave a 

reasonable model with several O atoms missing which can be completed 

according to the geometry. Besides, several residual peaks inside the 5- and 

7-ring pores could be assigned to Na+ cations. 

 
Figure 3.15. (a) and (b) Projections of 3D EDT data from ETS-10. (c) Elec-

trostatic potential map (the threshold σ was chosen to be 3 (−1.6 ≤ potential 

≤ 10.1) and (d) atomic structure model of Polymorph B solved using the 

charge-flipping method in Jana2006 with the 3D electron diffraction data. 
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    From the equation 3.2, we can see that if q∙tj = n (n is integer), then F’(q) 

= F(q). In terms of structure of Polymorph A, the shift vector obeys the rule: 

𝒕𝒋 =
𝑚𝒂+𝑛𝒃

4
                                               (3.3) 

where m, n = 0, 1, 2, 3 and m+n is even. Therefore, reflections are sharp 

under certain conditions, for example, h, k = 4n. With different stacking 

manners, the rules for diffuse streaks in the EDT data will also change corre-

spondingly. 

The reconstruction of streaks in 3D reciprocal space does not work by 

peak search in each 2D frame. To solve this problem, 3D volume reconstruc-

tion has been done by extracting intensity from each pixel in the frame. Fig-

ure 3.16 shows the slice cut from the 3D reconstructed volume of reciprocal 

space. The intensity distribution profiles of streaks along 10l, 30l and 50l are 

shown. There are maximum peaks in the profile, indicating the long-range 

coherence of layers. It is notable that there are peaks between two indices 

observed in 10l and 30l streaks. This might indicate a super unit cell with 

twice the length of the c parameter. The diffuse streaks were also simulated 

using DIFFaX in order to make a comparison with the experimental pattern. 

Figure 3.16 shows the simulated streaks using a model containing a stacking 

fault probability of 40%, which roughly matches the experimental data. Of 

note, the effects of dynamical scattering are not considered here. 

Due to the existence of strong dynamical scattering, the intensity of elec-

tron diffraction is not proportional to the square of structure factors. Even for 

a single crystal without defects, the refined R1 value based on kinematical 

scattering is high (~0.3 for zeolites) using 3D EDT data. The existence of 

defects will make the simulation of electron diffraction more difficult. 

Therefore, it is a challenging task to extract structure information from dif-

fuse streaks in 3D EDT data. The analysis of defects will be discussed in the 

following chapters using HRTEM imaging and PXRD simulation.  



55 

 

 
Figure 3.16. (a) Slice from the reconstructed volume; (b), (c) and (d) plot of 

intensity distributions of streaks along 10l, 30l and 50l in (a). (e) Simulated 

SAED pattern along [1-10] direction (Polymorph B); (f), (g) and (h) show 

the intensity distribution of streaks along 10l, 30l and 50l in (e). 
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3.5.2 Intergrowth of CHA and AEI frameworks in SAPO-34 

nanosheets (Paper III)87 

Due to the various pore systems and unique shape selectivity, zeolites with 

regular pore arrangements have been widely used in petrochemical industry 

as an important solid catalyst.88–91 Up to now, many zeolites show catalytic 

activities in methanol-to-olefin (MTO) reactions. Among them, the alumino-

silicate ZSM-5 (MFI-type framework) and the silicoaluminophosphate 

SAPO-34 (CHA-type framework) are the best performing.92–99 Compared 

with ZSM-5, SAPO-34 with large cha cages and small 8-ring pore opening 

gives a higher selectivity for light olefins.  

SAPO-34 usually has a conversion of methanol close to 100% and a high 

selectivity (>80%) of light olefins (C2-C4).100 However, the main problem in 

the SAPO-34 catalyst is the rapid deactivation in the reaction because a lot  

of organic species coke in cavities and stopping the reactions.101 “Previous 

studies revealed that the deactivation of catalysts in the MTO reactions 

mainly resulted from the restriction of mass transfer due to coke deposi-

tion.”87 Therefore, catalysts with small size showed their advantages for 

prolonging the lifetime of the catalysts.101 In particular, the SAPO-34 

nanosheets usually have a long lifetime and low coking rate in MTO reac-

tions, which makes them promising candidates for industrial catalysts.100 

Therefore, it is of importance developing a facile method to synthesize 

SAPO-34 nanosheets with a high yield. 

Herein, one SAPO-34 nanosheet sample exhibiting a long catalyst life-

time and a low coking rate was studied. However, the nanosized material has 

problems like low crystallinity, impurity, and defects. PXRD provides statis-

tical data from a bulk of samples but it is not applicable to the structural 

analysis of a single particle. In order to understand the relation between the 

crystal structure and catalytic performance of the synthesized nanocrystals, 

the 3D EDT technique has been applied for data collection and further ab 

initio structure solution. Although the structure of SAPO-34 is known, the 

structure and defects in nanocrystals are difficult to characterize without 

diffraction information from a large 3D reciprocal space coverage. Reflec-

tion intensities with high quality are necessary and helpful for ab initio crys-

tal structure solution in this case. Besides, diffuse streaks in 3D electron 

diffraction also provide information related to the defects in the crystal struc-

ture. 

3D EDT data were collected using EDT-Collect program on a JEOL 

JEM-2100F microscope at 200 kV. Several data sets were collected from a 

sample which includes two phases uniquely identified by PXRD analysis. 

The tilting angle for the crystal with phase 1 (CHA) was from -44.2° to 

49.3° with a beam-tilt step of 0.1° and a total of 1020 frames were acquired. 

The tilting angle for the crystal with phase 2 (AEI) was from -29.7° to 49.6° 
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with a beam-tilt step of 0.1° and a total of 870 frames were acquired. The 

two structures were solved ab initio using direct methods in SIR2011.  

 

Figure 3.17. Reconstructed 3D reciprocal space of phase 1. (a) One projec-

tion of the whole 3D EDT dataset of the (inset: the low-mag image of the 

crystal), (b) h0l plane, (c) hk0 plane, and (d) 0kl plane cut from 3D recipro-

cal space. Reproduced from Ref. 87 with permission from the Royal Society 

of Chemistry. 

 
Figure 3.18. Reconstructed 3D reciprocal space of phase 2. (a) One projec-

tion of the whole 3D EDT dataset (inset: the low-mag image of the crystal), 

(b) h0l plane, (c) hk0 plane, and (d) 0kl plane cut from 3D reciprocal space. 

Reproduced from Ref. 87 with permission from the Royal Society of Chem-

istry.  
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All the recorded ED frames have been used for 3D reciprocal space recon-

struction as shown in Figure 3.17 (phase 1) and Figure 3.18 (phase 2). Some 

reflections are not visible because of the missing cone or the beam stopper. 

Lattice constants were determined from the analysis of 3D EDT data. “Two 

phases 1 and 2 were found with similar unit cell parameters: 1) a = 12.5 Å; b 

= 13.5 Å; c = 18.4 Å; α = 89.0°; β = 96.1°; γ = 90.3° and 2) a = 13.5 Å; b = 

12.6 Å; c = 18.4 Å; α = 90.2°; β = 90.0°; γ = 89.0°. Considering a typical 

error (~1-2%) in the unit cell parameters determined from the EDT data, it is 

acceptable to set the angles of α and γ in phase 1 and α, β, γ in phase 2 to be 

90°.”87  

It is easy to understand that crystals with higher symmetry require less tilt 

angle to have a large completeness of reciprocal space. Therefore, it is rea-

sonable to apply high symmetry in the initial structure solution, especially in 

this case where the lower symmetry only comes from the distribution of 

different T atoms in the framework. The Laue classes of the two phases were 

assigned to be 2/m and mmm, respectively.  

The reflection conditions of two phases were summarized as: {phase 1: 

hkl: h+k=2n; h0l: h, l=2n; 0kl: k=2n; phase 2: hkl: h+k=2n; h0l: h, l=2n; 0kl: 

k=2n}. The space groups of the two phases were determined to be C2/c (or 

Cc) for phase 1 and Cmcm (or Cmc21, C2cm) for phase 2. With all these 

conditions, both structures were solved using direct methods in SIR2011. 

The structure solutions match well with the CHA-type and AEI-type 

frameworks from the zeolite structure database. The final structure models 

for CHA and AEI phases are shown in Figure 3.19. The two frameworks 

consist of identical D6R layers but have different stacking styles. Between 

two successive layers, there is a mirror symmetry in the AEI but a transla-

tion symmetry in the CHA.102   

 
Figure 3.19. The structural models for CHA (left) and AEI (right) frame-

works. 
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There are also diffuse streaks in the reconstructed 3D reciprocal volume, 

indicating the existence of planar defects. The streaks are extended along c* 

on h0l, h1l, h2l…, indicating the layer stacking faults along the c-axis and 

the layer shift along the a-axis on the basis of the CHA framework. The 

similarities of two structures lead to the intergrowth of two phases in the 

SAPO-34 nanosheets. 

3.6 Challenges 

3D EDT is a powerful tool for structural analysis of nano-crystals, especially 

for compounds with unknown structure. However, there are still some chal-

lenges using this method.  

(1) Sample preparation. The quality of EDT data depends much on the 

sample, for example, the stability under the electron beam, crystal 

morphology, and defects. First, electron beam damage to materials has been 

known for a long time, especially for porous materials, organic compounds, 

and biological samples. The sample may be cooled down or frozen using a 

cooling or cryo sample holder to minimize the damage. A relatively low 

electron dose or fast data collection is usually adopted to minimize the beam 

damage. Second, same as in X-ray diffraction, there are also preferred orien-

tations for special crystal morphologies in the EDT method. Some common 

crystal shapes are 2D plates and 1D needles. In these cases, reflections dif-

fracted from certain planes are difficult to collect. This problem can be 

solved using some sample preparation techniques like microtome by cutting 

crystals into thin slices. 

(2) Data collection. Sometimes, one EDT dataset is not enough for effi-

cient structure solution. Two or more datasets might be merged together to 

improve the completeness of the reciprocal lattice. If the sample is beam-

sensitive, a fast data collection is needed with a large beam tilt step. Besides, 

a crystal might tilt by itself during the data collection. Therefore, a crystal on 

the carbon film is preferred rather than a crystal hanging on the carbon-hole 

edge. 

(3) Data processing. Attention should be paid in setting parameters for 

peak search, frame alignment, and unit cell determination. For example, a 

small window for peak search might underestimate the intensity of strong 

reflections while a large window might overestimate the intensity of weak 

reflections. The frame alignment and unit cell calculation might be difficult 

when diffraction data contain diffuse streaks or only few reflections were 

collected.  

(4) Low-resolution data. In many cases, the electron diffraction data is on-

ly available at low resolution due to the poor crystallinity of specimens. As a 

result, the structure cannot be solved directly from the EDT data. After ob-
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taining the correct unit cell and space group, the structure might be solved by 

combining with PXRD and model building. 

To summarize, efforts need to be devoted to finding out optimum experi-

mental conditions and settings depending on the samples and purposes. 
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4. High-resolution TEM imaging 

HRTEM is a mode for direct imaging of the crystal structure projections in 

TEM. HRTEM imaging shows remarkable advantages over diffraction tech-

niques: (1) both the phase and amplitudes of structure factors can be ob-

tained through Fourier analysis of images; (2) it provides intuitive infor-

mation in real space by allowing for direct observations of crystal structures 

at the atomic resolution. HRTEM has been a powerful tool to study the 

structure of various materials, such as semiconductors, metals, porous mate-

rials, nanoparticles etc.  

4.1 Observation of the hierarchical pore structure in 
zeolites (Paper IV)103 

Zeolites usually have micropores with dimensions smaller than 2 nm. This 

small size causes diffusion limitations when they are used as catalysts.88 The 

introduction of hierarchical pore structures in zeolites, like micro- and 

mesopores, has been pursued for a long time. Ryoo and coworkers104 have 

successfully synthesized a lamellar mesostructured zeolite (MFI-type 

framework) using designed bifunctional surfactants, in which the head group 

with multiple quaternary ammoniums is an indispensable factor for the ef-

fectiveness of the structure-directing agent because the interaction between 

long hydrophobic alkyl chains is weak. The template with long alkyl chain 

and one quaternary ammonium is believed energetically unfavorable. Here-

in, we present a study of single-crystalline mesostructured zeolite nanosheets 

(SCZN-1) synthesized using a template (Figure 4.1) with a single quaternary 

ammonium as a head group and a biphenyl group in the tail. The introduc-

tion of rigid segments, i.e., biphenyl groups, stabilizes the micelles formed 

by templates through π-π interactions among them. In particular, the π-π 

interactions also affect the stacking of MFI layers, leading to the formation 

of an ordered mesostructure.  

 
Figure 4.1. The molecular structure of organic template CPh-Ph-10-6 used for 

the synthesis of SCZN-1.  
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Figure 4.2. (a) Low-angle and (b) high-angle powder XRD patterns of the 

as-made (black) and calcined (red) SCZN-1 samples. Reprinted with permis-

sion from Ref. 103. Copyright © 2014, Rights Managed by Nature Publish-

ing Group.  

Figure 4.2a shows low-angle XRD patterns of the as-made and calcined 

SCZN-1 samples. The peaks in the pattern of the as-made sample indicate 

the formation of a lamellar mesostructure. Two peaks at 1.84° and 3.65° can 

be indexed as the first and second order reflections of the mesostructure with 

a lattice constant of 4.8 nm. These two peaks disappear after calcination due 

to the collapse of the mesostructure. Most of the sharp peaks in the high-

angle range (Figure 4.2b) are associated with h0l reflections of the MFI 

framework, indicating a high crystallinity in the zeolite layer.   

Figure 4.3a shows an SEM image of SCZN-1. The sample shows a uni-

form flower-like morphology with a layer thickness of ~30 nm. The MFI 

framework was verified from 3D EDT data (Figure 4.3b) and HRTEM im-

age along b axis (Figure 4.3c), where straight channels formed a regular 

pattern. The spatial correlation among MFI layers was revealed in the image 

viewed along the a-axis (Figure 4.3d), where layers were organized along 

[010] to form an ordered mesostructure. In particular, crystallographically 

ordered MFI layers formed a single crystal by connecting with each other 

after calcination while maintaining its flower-like morphology.  
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Figure 4.3. (a) SEM image, (b) Projection of 3D EDT data along [001], 

HRTEM image viewed along (c) [010] and (d) [100] axis of the as-made 

SCZN-1 sample, (e) and (f) schematic representation of the structure model. 

Reprinted with permission from Ref. 103. Copyright © 2014, Rights Man-

aged by Nature Publishing Group. 
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 “Rotational boundaries are commonly found in the MFI zeolite with an 

overgrowth relation between (h00) and (0k0) facets, which increases the 

possibility of the construction of a hierarchical pore structure.”103 The reason 

is that the two lattice constants (a and b) are close to each other and the two 

10-ring pores along the two directions ([100] and [010]) are similar. Herein, 

an SCZN sample with the mutual intergrowth of MFI structures was ob-

tained by using a template BCPh-6-6-6 (Figure 4.4).  

 

 

Figure 4.4. The molecular structure of organic template BCPh-6-6-6 used for 

the synthesis of SCZN-2. 

As shown in Figure 4.5a and b, SEM images show that this sample dis-

plays a house-of-card morphology. It has a boundary architecture with 90° 

rotation of adjacent layers. Figure 4.4c shows a TEM image of thin sections 

of the as-made sample, where the internal boundary structure can be ob-

served. Thin nanosheets join together perpendicularly with a common c axis 

and (100) facets of some nanosheets are attached to others’ (010) facets. 

Two perpendicular MFI layers might be connected by MEL units to ensure 

a full connectivity. Chemical bonds Si-O-Si are formed at the boundary and 

zig-zag channels from one layer are interconnected to straight channels of 

the other layer. This connection through chemical bonds would sustain the 

lamellar structure and improve its stability.  

After the removal of organic templates by calcination, mesostructures do 

not completely collapse due to the mutual penetration of nanosheets. There-

fore, mesopores have also been kept around the boundaries, where 

nanosheets are perpendicularly connected. Moreover, the ready house-of-

cards architecture contributes to the formation of a new macroporous system 

(~100 nm) due to the mutual pillaring between thin plates. Therefore, SCZN-

2 shows an interesting micro-meso-macroporous architecture even after the 

calcination. 
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Figure 4.5. (a) and (b) SEM images of as-made SCZN-2 synthesized using 

an organic template BCPh-6-6-6; (c) and (d) HRTEM images of the as-made 

and calcined sample. The scale bars are (a) 100 nm, (b) 500 nm, (c) 10 nm 

and (d) 10 nm, respectively. Reprinted with permission from Ref. 103. Cop-

yright © 2014, Rights Managed by Nature Publishing Group. 

4.2 Direct observations of layer stacking faults 

The existence of layer stacking faults lead to diffuse streaks in electron dif-

fraction and broadened peaks in PXRD. As we discussed in the previous 

chapter, there is a relation between the positions of diffuse streaks and layer 

stacking behaviors. However, it is still difficult to analyze stacking faults 

only from diffraction data. HRTEM imaging provides an efficient way to 

study the layer stacking faults through observations in real space.  
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4.2.1 Layer stacking faults in ETS-10 

The structure of ETS-10 has been solved ab initio using 3D EDT data even 

in the presence of diffuse streaks. Here are shown HRTEM observations of 

the layer stacking faults in this material. This will help in understanding the 

behavior of the layer stacking faults.  

 
Figure 4.6. HRTEM image of ETS-10 along [110] zone axis of Polymorph B 

and its corresponding SAED pattern (inset). The yellow lines trace the stack-

ing sequences of layers; the red circle marks a large pore from coalesced 

micropores; the green rectangle marks the blocking of pores due to defects 

within a layer. 

Figure 4.6 shows an HRTEM image of ETS-10 taken along [110] direc-

tion (polymorph B), which clearly reveals the layer stacking faults in differ-

ent manners. One straightforward result from layer stacking fault is various 

possible stacking sequences, as indicated by yellow lines. Besides, the layer 

stacking faults also lead to either coalescence or blocking of two micropores, 

as marked by a red circle and green rectangle, respectively. The red circle 

marks the large pores arising from the coalescence of adjacent micropores. 

The green rectangle shows the blocking of micropores due to a part of the -

Ti-O-Ti-O- rods shifting across its neighboring straight channel. Notably, the 

planar defects along the c axis will not disrupt the connectivity between suc-

cessive layers. Defects in a single layer, however, will lead to the breaking 

of bonds or the formation of new bonds at the joints of two stacking types in 

one layer. 
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4.2.2 Intergrowth of CHA and AEI in SAPO-34 nanosheets 

(Paper III)87 

In the chapter 3, the ab initio structure solutions of two phases found in 

SAPO-34 nanosheets are discussed. The intergrowth of two structures in one 

crystal cannot be concluded from 3D EDT data. Here we use HRTEM imag-

ing to study the intergrowth and discuss the formation mechanism of SAPO-

34 nanosheets. 

 

Figure 4.7. HRTEM images and corresponding SAED patterns along (a) 

[001] direction of CHA/AEI, (b) [100] direction of AEI, (c) [010] direction 

of CHA and (d) [110] direction of AEI&CHA. The white arrows in (c) and 

(d) shows the existence of defects. Reproduced from Ref. 87 with permission 

from The Royal Society of Chemistry. 

Figure 4.7 show HRTEM images taken from different crystals in the same 

batch. As both CHA and AEI have the same projection along their respec-

tive c axes, we cannot distinguish them using images taken along [001] di-
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rection. To directly observe the stacking faults, HRTEM images should be 

taken along [010] of CHA and [100] of AEI.  

 
Figure 4.8. HRTEM image of one SAPO-34 nanosheet containing both 

CHA and AEI and the corresponding structure model to illustrate the inter-

growth. Adjusted from Ref. 87 with permission from The Royal Society of 

Chemistry. 

As shown in Figure 4.8, the TEM image reveals domains of CHA and 

AEI coexisting in a single nano-sized crystal. The two frameworks differ 

from each other in their respective β angles, namely 90° for AEI while 94.4° 

for CHA. The built model shows that CHA and AEI can be interconnected 

by sharing a common layer without destroying the whole structure. The for-

mation of different domains in one crystal may be related to the amount of 

silica source in the reaction. There are three kinds of species Si, Al, and P to 

form the framework through the connection with O atoms. It is found that 

the amount of AEI phase in the final product decreases with the increasing 

of silica source. The concentrations of the three species and the reaction 

dynamics will change during the crystal growth, leading to different packing 

styles of D6R layers. However, it is worth mentioning that all 00l diffraction 

spots are sharp, which means that there is no density modulation along c-axis 

and the D6R layers are highly ordered. This ensures not only the activity of 

SAPO-34 nanosheets as a catalyst for MTO reaction but also the effective-

ness of mass transfer during the reaction. 
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Figure 4.9. (a) HRTEM image of SAPO-34 along [001] direction; (b) sche-

matic representation of different facets of the SAPO-34 crystal; (c) three 

directions of straight 8-ring channels. Adjusted from Ref. 87 with permission 

from The Royal Society of Chemistry. 

The formation mechanism of SAPO-34 nanosheets is also related to its 

specific structure. Figure 4.9a shows an HRTEM image taken along the c 

axis. From the left-up corner, we can see that the edge is a (110) plane. 
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Based on TEM observations, the facets of nanosheets can be indexed as 

shown in Figure 4.9b. Notably, the straight 8-ring channels run along three 

directions and open to six external surfaces, which might explain the high 

efficiency of this MTO catalyst.  

 
Figure 4.10. Four similar zeolite frameworks and their corresponding ideal 

crystal morphologies. Starting from CHA, stacking faults along one, two and 

three directions might lead to AEI, SAV, and KFI, respectively. 

Moreover, the special morphology of this nanosheet leads us to further 

envision other possible intergrowth styles. A usual morphology for a zeolite 

with pure CHA is a regular cube while the intergrowth with AEI gives the 

shape of a nanosheet. The reason is that the growth of crystal along one di-

rection is hindered due to the layer stacking fault along this direction. Simi-

larly, we will expect that rod-like crystal and nano-sized cube crystal will be 

obtained if CHA has an intergrowth with SAV and KFI (another two 

frameworks consisting of D6R building units), respectively.  

4.2.3 Intergrowth of hcp and ccp in silica mesoporous crystals 

(Paper V)105 

Defects and intergrowth have been commonly observed in silica mesoporous 

crystals (SMCs). SMCs are considered as “cavity crystals”, synthesized with 

surfactants or block polymers and inorganic species.106,107 Different 

mesostructures can be formed depending on the packing behaviors of surfac-

tants.108 Close-packed spheres can be stacked into two crystalline structures: 

cubic close-packed (ccp) and hexagonal close-packed (hcp). Both structures 

have been found in SMCs. In our study of hexagonal close-packed SMCs, 

the intergrowth of hcp and ccp was found in some crystals. This intergrowth 

contributed to the diffuse streaks parallel to the c* axis in the Fourier diffrac-
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togram, as shown in the inset of Figure 4.11. In addition, from the enlarged 

areas, cages are found to kink at the point of ccp stacking on the external 

surfaces of the crystal (indicated by the black arrows in the magnified area).  

 
Figure 4.11. HRTEM image taken from a crystal contain stacking faults 

along [2-1-13] and its corresponding Fourier diffractogram (inset). Reprinted 

with permission from Ref. 105. Copyright 2013 American Chemical Society.  

4.3 Reconstruction of 3D electrostatic potential map 

As the phase information of structure factors is lost, the structure solution 

using diffraction is a process of determining the correct phases for the struc-

ture factors. HRTEM imaging shows advantages over diffraction methods by 

preserving both amplitude and phase information, which can be used to do 

3D potential map reconstruction. Fourier coefficients obtained from HRTEM 

images are related to structure factors by a phase shift modulated by a CTF 

function. Therefore, the Fourier coefficients extracted from HRTEM images 

can be used to reconstruct the electrostatic potential map after CTF correc-

tion. In particular, the combination of several HRTEM images along differ-

ent main zone axes will give a list of structure factors in 3D reciprocal space, 

from which important structural information can be revealed. 
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4.3.1 Hexagonal close-packed silica mesoporous crystal (Paper 

V)105 

Pure ccp mesostructure has been found in some materials and solved using 

HRTEM images.110 However, materials with pure hcp mesostructure had not 

been obtained previously before our report. Therefore, there was no study on 

the structure features or growth mechanism of the SMC with a pure hcp 

structure, nor was there a comparison of the two close-packed structures in 

SMCs. We have successfully synthesized an SMC with pure hcp mesostruc-

tured using a gemini cationic surfactant (C18-3-1), a co-structure directing 

agent (CSDA: N-[(3-trimethoxysilyl)propyl]ethylenediamine triacetix acid 

trisodium salt) and a silica source in water solution.  

 

Figure 4.12. Schematic representation for the synthesis of SMC with a pure 

hcp mesostructure. Reprinted with permission from Ref. 105. Copyright 

2013 American Chemical Society. 

 
Figure 4.13. Powder XRD patterns of the (a) as-made and (b) calcined SMCs 

collected in the region of 2θ = 1-7°. The chemical molar composition of the 

mixture is C18-3-1: CSDA: TEOS: NaOH: H2O = 1: 1: 15: 5: 30, 000. Reprint-

ed with permission from Ref. 105. Copyright 2013 American Chemical So-

ciety. 
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Six distinctive peaks were observed in the PXRD patterns (Figure 4.13). 

Lattice constants are determined and peaks are indexed at the same time 

based on a hexagonal crystal system. The corresponding unit cell parameters 

for as-made sample are a = 6.06 nm and c = 9.81 nm (c/a = 1.62). There is a 

slight shift of peaks in the pattern of the calcined sample because of the fur-

ther silica condensation and lattice contraction after calcination.   

Figure 4.14 show HRTEM images and corresponding Fourier diffracto-

grams (FD) of both as-made and calcined samples along three zone axes. In 

the hcp structure, mesopores will be properly overlapped in the projection 

along [21̅1̅0]. Therefore, the white contrast in Figure 4.14b corresponds to 

the projection of columns of mesopores. Notably, the continuous zigzag 

stacking sequence of mesopores is distinctive through the observed area, 

indicating a pure hcp stacking manner. The extinction conditions of reflec-

tions can be summarized as {hh2̅hl: l = 2n; 000l: l = 2n}, suggesting the 

following three possible space groups: P63mc, P-62c and P63/mmc. The 

plane groups of three HRTEM images were assigned to be p6mm, p2gm and 

p2mm respectively and the space group was certified to be P63/mmc.  

 
Figure 4.14. HRTEM images of the as-made SMC (a-c) and calcined SMC 

(d-f) along three zone axes [0001], [21̅1̅0], and [11̅00]. Fourier diffracto-

grams and projected potential maps obtained by crystallographic image pro-

cessing using CRISP109 are inserted. Reprinted with permission from Ref. 

105. Copyright 2013 American Chemical Society. 

The details of hcp mesostructure were elucidated through the Fourier 

analysis of HRTEM images. The amplitudes and phases of structure factors 

were obtained from HRTEM images by Fourier transformation and CTF 
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correction. Some reflections appeared in more than one images and these 

reflections were used to normalize the amplitudes of structure factors. The 

phases of reflections were also corrected by applying the space group sym-

metry. Herein, the phases of reflections can only be 0 or π due to the centro-

symmetric space group. Finally, the 3D electrostatic potential map was ob-

tained from the Fourier synthesis of structure factors.  

In the mesoporous crystals, the crystallinity comes from a periodic ar-

rangement of mesopores. There is no need to find out the atomic positions 

from the potential map while we need to know the shape and size of meso-

pores by determining the boundary of the mesopores and silica walls. It is 

believed that mesoporous crystals are formed to maintain a minimum surface 

energy of micellar interfaces. Therefore, a self-consistent structure approach 

by minimizing the curvature elastic energy was developed by Miyasaka et 

al110 to determine the boundary between silica wall and pore. The threshold 

value of the boundary isosurface was determined to be 0.37 for the as-made 

sample and 0.48 for the calcined one.  

The change of curvature energy (F/A, vertical axis) versus the threshold 

value (c, horizontal axis) for the as-made and calcined SMCs is shown in 

Figure 4.15. CT values of as-made and calcined SMC were determined by 

calculating the lowest elastic curvature energy for the silica wall surface. 

Notably, the templates confined in the as-made crystal also affect the elec-

trostatic potential distribution in the unit cell. This may lead to certain errors 

in the calculated values. The F/A was calculated as follows: 

φ(r) = c                                                     (4.1) 

where r is the Cartesian coordinates.  

The surface normal  

n = Δφ(r)/|φ(r)|                                               (4.2) 

and the mean curvature  

H(r) = div n/2                                                (4.3) 

the dimensionless curvature energy is then given by  

𝐹 = ∫(𝐻(𝑟) − 𝑐0)
2𝑑𝐴                                      (4.4) 

and F/A gives the weight average of (H(r)-c0)2, where A is the surface ar-

ea, A = ∫𝑑𝐴. 
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Figure 4.15. The plot of change in F/A versus the threshold value c for as-

made and calcined samples (Dash lines indicate the CT value). F means di-

mensionless curvature elastic energy, and A means surface area. *Threshold 

value c means the value of the normalized electrostatic potential, which will 

define an equipotential surface. Reprinted with permission from Ref. 105. 

Copyright 2013 American Chemical Society. 

 

 
Figure 4.16. Representations of 3D reconstruction of the electrostatic poten-

tial map for (a-c) as-made and (d-f) calcined samples. Reprinted with per-

mission from Ref. 105. Copyright 2013 American Chemical Society. 

Figure 4.16 shows the 3D electrostatic potential maps of the as-made and 

calcined SMC with a threshold of 0.37 and 0.48, respectively. The model is 
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shown from different directions to display the shape and connectivity of 

mesopores. The yellow surface represents the boundary between the silica 

walls and the mesopores, and the confined spaces delimited by the surface 

are the mesopores. It has been found that cages in ccp mesostructure are 

perfectly spherical.110 However, mesocages in this crystal are not spherical 

but stretched or compressed along different directions. In particular, the 

mesocages are elongated along the c axis. As a result, pores are not connect-

ed to each other within the same layer, whereas they are connected to meso-

pores in adjacent layers. Considering the symmetry and morphology of 

mesocages, the structure model fits the requirement of the hcp structure. The 

mesocages here show the point group of -6m2. In ccp mesostructure, close 

packing is formed in four equivalent planes of {111}, and the point group 

symmetry at the center of the pore is m-3m. These structural features differ-

entiate the two close-packed structures. Moreover, there are also differences 

of pore shape after calcination. The pores in the as-made sample are more 

spherical and windows between pores are smaller than that in the calcined 

one. These results agree with the increase of porosity after the removal of 

templates.  

In our previous work,110 pure ccp mesostructure was obtained using simi-

lar cationic surfactants but without CSDA. The use of CSDA with three car-

boxylate groups plays a key role in the formation of pure hcp mesostructure. 

The CSDA will interact strongly with the quaternary ammonium groups on 

the surfactants, thus decreasing the repulsion between head groups in the 

micelle and changing its curvature. Moreover, the rich negative charges in 

the CSDA layer lead to the electrostatic repulsion between micelles. As a 

result, micelles prefer to be ellipsoid and favor the formation of hcp 

mesostructure.   

4.3.2 A woven covalent organic framework (Paper VI)63 

Weaving is one of the oldest methods to make fabric, but this important con-

cept has not been achieved in chemical structures. Learning how to link mol-

ecules through reticular synthesis111 into woven structures would help in 

synthesizing materials with special mechanical properties. A three-

dimensional covalent organic framework (COF-505) with a woven structure 

has been synthesized by imine condensation reactions of aldehyde function-

alized copper(I)-bisphenanthroline tetrafluoroborate, Cu(PDB)2(BF4) and 

benzidine (BZ). The framework consists of helical organic threads, which 

are designed to be mutually interwoven at regular intervals. However, large 

single crystals are not available even after significant effort devoted to the 

synthesis. Even worse, this COF is not highly crystallized and gives rise to a 

poorly resolved PXRD pattern. The structure of this COF cannot be solved 

using X-ray crystallographic method. Herein, electron crystallographic 

methods have been used to solve this complicated structure.  
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Prior to determining the single crystal structure of COF-505, SEM images 

were taken to show the morphology and purity of the sample. As shown in 

Figure 4.17A, the crystallites with the size of ~200 nm aggregated into 

spheres with a diameter of ~2 m. The aggregation possibly arises from 

weak interactions between the crystal and the solvent (THF). No other parti-

cles with different morphologies were found throughout the sample. 

One 3D EDT data set was collected in the range of –41.3° to +69.1° at a 

beam-tilt step of 0.2°. The 3D reciprocal lattice of COF-505 was recon-

structed and was identified as a C-centered orthorhombic Bravais lattice with 

a unit cell of a = 18.9 Å, b = 21.3 Å, c = 30.8 Å. This unit cell has been used 

to index reflections observed in both the PXRD pattern and the Fourier dif-

fractogram of the corresponding HRTEM image (Figure 4.17D).  

The observed reflection conditions obtained from 3D EDT and PXRD can 

be summarized as {hkl: h+k = 2n; hk0: h,k = 2n; h0l: h = 2n; 0kl: k = 2n}, 

suggesting five possible space groups: Cm2a, Cmma, Cmca, Cc2a and Ccca. 

Three of them, Cm2a, Cmma, and Ccca, were excluded since their projected 

symmetries along [1-10] did not match with that of the HRTEM image (pgg) 

(Figure 4.17E). Furthermore, Cu(I) positions were determined from the 3D 

potential map reconstructed through the Fourier analysis of the HRTEM 

images (Figure 4.17F).  

The chemical compositions have been obtained from the elemental 

analysis. Therefore, the number of atoms in one unit cell can be determined 

once the number of copper atoms was known. As a result, each unit cell 

contains 8 Cu(PDB)2 and 16 biphenyl units. However, the space group Cmca 

was excluded because it requires two PDB units connected to one copper on 

a mirror plane, which is not energetically favorable. The final space group 

Cc2a was used to build a structure model in Materials Studio by putting 

Cu(PDB)2 molecules at located Cu positions and connecting them using 

biphenyl molecules. The formation of imine bonds has been confirmed from 

analysis of Fourier-transform infrared (FT-IR) and solid-state nuclear 

magnetic resonance (NMR) spectra. The model was geometrically optimized 

afterward. The PXRD pattern calculated from this model is consistent with 

the experimental pattern of COF-505 (Figure 4.18). 

The framework of COF-505 consists of two interpenetrated diamond 

(dia) networks. The two dia nets are related by a C2 rotation on the b-axis. 

These two nets are mutually interwoven through the whole framework (Fig-

ure 4.19). Moreover, the structure of this COF is maintained after the remov-

al of Cu ions from the framework. The elasticity property of this COF 

changed dramatically after the demetalation. The effective Young’s moduli 

of the metalated and demetalated samples are ~12.5 and 1.3 GPa, respective-

ly. The distinct increase of elasticity could come from the loose interaction 

between the organic threads without Cu ions. The Cu ions can be inserted 

later without changing the structure. 
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Figure 4.17. Electron microscopy studies of COF-505. (A) A typical SEM 

image of COF-505. (B) TEM image of a single sub-μm crystal used for 3D-

EDT. (C) 2D projection of the reconstructed reciprocal lattice of COF-505 

obtained at 298 K from a set of 3D-EDT data. (D) HRTEM image of COF-

505 taken along [1-10] direction. (E) 2D projected potential map obtained by 

imposing pgg plane group symmetry on Fig 4.17D. (F) Reconstructed 3D 

electrostatic potential map (threshold: 0.8). From Ref. 63. Reprinted with 

permission from AAAS. 

 
Figure 4.18. Atomic structure model built in Material Studio based on analy-

sis from electron diffraction and HRTEM imaging, and the comparison of 

calculated PXRD pattern with the experimental one.  
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Figure 4.19. Single crystal structure of COF-505. The woven structure of 

COF-505 consists of chemically identical helices (marked in blue and orange 

as they are of opposite chirality) with a pitch of 14.2 Å (A). The orange heli-

ces propagate in the [1-10] direction while the blue helices propagate in the 

[110] direction with copper (I) ions as the points-of-registry (B). Neighbor-

ing blue helices are woven with the orange helices to form the overall 

framework (C). Blue and orange helices and their C2 symmetry related green 

and gray copies are mutually interwoven (D). Additional parallel helices in 

C and D are omitted for clarity. From Ref. 63. Reprinted with permission 

from AAAS. 
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4.4 Challenges 

One of the challenges is that HRTEM images are projections of 3D struc-

tures. In other words, TEM images have no sensitivity of depth. In most 

cases, many atoms at different heights will partially or totally overlap with 

each other. This makes it difficult to determine the three coordinates of at-

oms from a single image. Besides, TEM images may mislead us when we 

want to decide whether one particle is located on the surface or embedded in 

another particle. Of course, in this case, electron tomography might be em-

ployed to get 3D information by reconstruction of a series of 2D images.  

Another difficulty with HRTEM is that the image is phase contrast, which 

is affected not only by the crystal potential but also other parameters like 

focus, aberrations and astigmatisms of lenses. The contrast in HRTEM im-

ages can be totally different at different focus values. Therefore, HRTEM 

images are not easily interpretable without knowing experimental conditions.  

Recording an HRTEM image with good quality requires an accurate 

alignment of the microscope, a thin sample, orientation along zone axes, and 

proper selections of focus value and exposure time. Taking good quality 

HRTEM images is more difficult and time-consuming than collecting elec-

tron diffraction, but is worthwhile because important information can be 

obtained that is not otherwise available without such images. 
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5. Structural analysis by the combination with 
X-ray crystallography 

In most cases, it is not enough to perform structural analysis using only elec-

tron crystallography because of its specific limitations. For example, electron 

diffraction usually cannot be used for structure refinement as it suffers strong 

multiple-beam scattering. The refined R1 factor using 3D EDT data based on 

kinematical scattering is usually high, above 15% even for simple inorganic 

structures, which is unacceptable in X-ray crystallography. Therefore, the 

combination of electron and X-ray crystallography is necessary for some 

purposes. Here we will present the application of powder XRD in the study 

of a 1D mesostructure, the location of organic templates inside a zeolite 

framework and analysis of layer stacking faults.  

5.1 1D mesostructure in zeolite (Paper IV) 

In chapter 4, we have used TEM imaging to study two SNCZs with hierar-

chical pore structures. A one-dimensional mesostructure is formed by the 

stacking of MFI zeolite layers separated by layers of organic surfactants. 

This type of material is a good example of 1D structure. HRTEM imaging 

allows the direct observations of the layer packing while powder XRD pat-

terns at low-angle range provide quantitative information over the whole 

sample.  

For a 1D crystal,  

𝐶(𝑟) = {𝐵(𝑧) ∙ 𝑆(𝑥, 𝑦)}⨂{𝐿(𝑧) ∙ 𝑆(𝑧)}                     (5.1) 

where B(z) is the basis with lattice periodicity along z; L(z) is a delta 

function describing the infinite 1D lattice; S(x,y) and S(z) are shape func-

tions in the xy plane and along the z-axis respectively. 

Figure 5.1 shows an example of 1D structure consisting of alternative 

slabs with different densities. Assuming the size of crystal is large enough 

for constructive interference of X-rays, then the structure factor is given, 

𝐹(ℎ) = (𝐴 − 𝐵) ∫ 𝑒𝑖ℎ𝑧𝑑𝑧
𝑎

0
+ 𝐵 ∫ 𝑒𝑖ℎ𝑧𝑑𝑧

1

0
                   (5.2) 

where A and B are scattering amplitudes for two slabs. 
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The thickness of two slabs will affect the relative intensities of reflections 

from this 1D structure. If we assume that the slab B is empty, the changes of 

1st, 2nd and 3rd order reflections have been given in Figure 5.2. Of course, 

both of two slabs will contribute to the reflection intensities when B ≠0.  

 
Figure 5.1. Schematic representation of a 1D structure of two alternative 

slabs. 

 
Figure 5.2. Intensity profiles of 1st, 2nd and 3rd order reflections for a 1D 

structure with the change of layer thickness a when the scattering amplitude 

of A and B is 1 and 0, respectively. 
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The density distribution can also be derived from the inverse Fourier 

transform of the structure factors. The intensities of the 1st, 2nd, and 3rd order 

reflections can be obtained from the PXRD pattern, which can be used for 

Fourier synthesis of charge distribution along the layer packing direction. As 

shown in Figure 5.3, the first two reflections have been used to calculate the 

charge distribution curve along the direction of layer packing, from which 

we can estimate the thickness of the MFI layer ~2.7 nm. The scattering 

powers of the MFI and surfactant layers at this thickness roughly match with 

the charge distribution.  

 
Figure 5.3. (a) Low-angle PXRD pattern of one as-made SCZN and reflec-

tion intensities, (b) charge distribution along the layer packing direction, (c) 

normalized atomic weight distributions calculated from the structure model 

with MFI layer thickness of 2.7 nm. Reprinted with permission from Ref. 

103. Copyright © 2014, Rights Managed by Nature Publishing Group. 
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5.2 Location of guest molecules inside the framework. 

In chapter 3, the structure of one chiral zeolite HPM-1 (STW framework) 

has been solved ab initio using 3D electron diffraction data. All the Si and O 

atoms were located in the framework. Given the strong multiple-beam scat-

tering, electron diffraction data is not suitable for a structure refinement on 

the assumption of kinematical scattering. Therefore, the use of powder XRD 

data is necessary to refine the atomic coordinates and locate the positions of 

organic templates.  

Rietveld refinement has been performed using the PXRD pattern of the 

as-made HPM-1 sample (Figure 5.4). The PXRD pattern was collected in a 

capillary mode using a synchrotron source (Swiss Lightsource, λ = 0.77666 

Å). The Rietveld refinement of PXRD pattern was performed using Topas 

Academic4.1. The positions of extra-framework atoms including F- anions 

and the organic template pentamethylimidazolium were found in the Fourier 

difference map. Then the positions of templates were refined by forcing the 

organic molecule to be a rigid body. Of note, the space group of the frame-

work was reduced to be P61 during the refinement because of the arrange-

ment of organic templates. The final positions of organic templates inside 

zeolite framework match well with the structure model calculated by mini-

mizing the energy of the framework containing templates.112 This result pro-

vides support for the designed synthesis of zeolites by looking for the ideal 

organic templates through computation. 

 
Figure 5.4. Rietveld refinement of the as-made chiral zeolite HPM-1 with 

STW framework. The final refined parameters Rwp_dash, R_bragg and 

GOF are 0.078, 0.04 and 3.85. 
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Figure 5.5. The comparison of locations of organic templates inside the 

framework from the Rietveld refinement (a-c) and the computer calculation 

(d-f). Blue lines represent the large cage in the STW framework; gray balls 

represent C atoms and red balls represent N atoms of the template. 

 

5.3 Study of layer stacking faults using PXRD pattern 

5.3.1 SAPO-34 nanosheets (Paper III)87 

In the previous chapters, the layer stacking faults in SAPO-34 have been 

studied using electron crystallographic methods. However, neither 3D EDT 

data not HRTEM imaging give quantitative information about the defects. 

PXRD patterns collected from bulk samples reflect the statistical structural 

information about the crystals.   

Figure 5.6 shows the PXRD patterns of as-made SAPO-34 samples syn-

thesized with different amount of silica sources. Samples S1–S4 were ob-

tained from the reaction gels with molar compositions of 1.0 Al2O3: 1.2 P2O5: 

2.0 TEAOH: x SiO2: 40 H2O (x = 0.6, 0.4, 0.2, and 0.1). With the decrease of 

Si amount in the synthesis, relatively more AEI phase will be produced. The 

relative amount of two phases can be estimated from the simulated patterns 

using DIFFaX (Figure 5.7). The PXRD patterns were simulated by assuming 

the same D6R layer but different possibilities of stacking sequences.  
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Figure 5.6. Powder XRD patterns of as-made SAPO-34 samples synthesized 

with different amounts of silica sources. 1.0Al2O3: 1.2P2O5: 2.0TEAOH: 

xSiO2: 40H2O and x = 0.6 (S1), 0.4 (S2), 0.2 (S3), and 0.1 (S4). The peaks 

marked by asterisks are reflections only from AEI. Reproduced from Ref. 87 

with permission from the Royal Society of Chemistry. 

 
Figure 5.7. Simulation of PXRD patterns using different amounts of AEI 

and CHA phases. The experimental PXRD pattern of S3 sample is also in-

cluded in the lowest part of the figure for comparison with the simulations. 
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5.3.2 ETS-10 

In the crystal structure of ETS-10, each layer is shifted by (±1/4a, ±1/4b) 

based on Polymorph A with respect to its neighbors. Two types of defects 

arise from layer stacking faults: a break of periodic layer stacking sequence 

along c axis and the coalescence or blockage of micropores within one layer. 

To have a thorough understanding of the defected structure, a quantitative or 

semi-quantitative analysis will be necessary and important. The Rietveld 

refinement is usually limited to ideal crystals, being difficult for complicated 

structures like ETS-10 with defects.  

Anderson et al.86 proposed two end-member structure models for ETS-10 

mainly based on electron microscope observations. Later, Wang et al.113 

obtained an averaged crystal structure solution from single X-ray diffraction 

data by ignoring the existence of diffuse streaks. After that, not much pro-

gress has been made on the analysis of the ETS-10 structure. However, the 

calculated PXRD patterns from these three models do not have a good match 

with the experimentally determined pattern (Figure 5.8). To improve the 

PXRD simulation, it is necessary to have a quantitative estimation of defects 

inside ETS-10. However, the usual way to simulate PXRD patterns using 

DIFFaX does not take the defects within layers into account. As a result, the 

simulated patterns cannot match well with the experimental data. Therefore, 

one extra parameter should be introduced for the defects inside the stacking 

layers.  

 
Figure 5.8. Comparison of the experimental PXRD pattern and calculated 

patterns from three ideal models proposed for ETS-10.  
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Figure 5.9. A structure model built from the averaged model with different 

occupancies for two sites.  

The similarities between the simulated PXRD pattern from the averaged 

structure model and the experimental one provide a hint for a solution. That 

is, to build a superstructure model using this averaged model and assign 

different occupancies to two possible occupied positions, as shown in Figure 

5.9. The averaged structure can be regarded as a model with two occupan-

cies equal to 0.5. Then we refine the two occupancies against sharp reflec-

tions in PXRD pattern, which turn out to be 0.6 and 0.4. The two occupancy 

numbers are close to ½, which suggests an intense disorder or the existence 

of mirror planes parallel to c axis. Of note, both of two defects contribute to 

the stacking fault possibility 0.4 here. This result is similar to the conclu-

sions from 3D EDT data and HRTEM imaging studies. Therefore, we can 

use the two occupancies for a statistic estimation of defects insides layers. 

Here we introduce two factors x and y to examine the possibilities of de-

fects within layers and layer stacking faults, respectively. The PXRD pat-

terns with different x and y values were simulated using DIFFaX. The simu-

lated pattern has a good match with the experimental one when both x and y 

are equal to 0.2 (Figure 5.11). The combination of two types of defects give 

a disorder probability of 0.4.  

In fact, the distribution of defects in a ETS-10 crystal is quite complicated. 

By now, we can only roughly estimate the statistics of two types of defects 

by simplifying the problem using two parameters. We are also trying to sim-

ulate the diffuse streaks in electron diffraction using this structure model.  It 
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would be challenging as electron diffraction suffers strong dynamical scat-

tering. More studies need to be done for a further analysis. 

 
Figure 5.10. Schematic representation of two kinds of disorder in ETS-10: 

defects within layers and layer stacking faults. Two parameters x and y are 

used to estimate the two disorders. 

 

 
Figure 5.11. The comparison of the experimental PXRD pattern and the sim-

ulated one using a structure model with a probability of 0.2 for both of the 

defect within layers and the layer stacking fault.  

  



90 

 

 

 

 



91 

 

6. Conclusions 

Electron crystallography has been shown to be a powerful method for the 

structural analysis of a wide range of materials. Due to the strong interac-

tions between electrons and atoms, it overcomes the limitations of studies of 

small crystals (<100 nm) using X-ray crystallography. Moreover, electron 

beams can be focused by electromagnetic lenses to form an image of the 

crystal. Accordingly, electron microscopy can be used to resolve atomic 

structures in real space and the crystallographic structure factor phase can be 

obtained from the Fourier analysis of high-resolution images. In this thesis, 

electron crystallography has been applied to the study of crystal structures in 

metal oxides/nitrides, a quasicrystal approximant, zeolites, titanosilicate, 

COF and mesoporous silica.  

The 3D EDT technique has proved to be useful for collecting 3D electron 

diffraction data from single sub-micron crystals for further reconstruction of 

the 3D reciprocal lattice of the investigated crystal structures. Unit cell, Laue 

class symmetry, and reflection conditions can be obtained from the recon-

structed 3D reciprocal space. Phase identifications in (Ba)-Ta3N5 and ZnO-

ZnGaON nanorods have been performed. The extracted reflection intensities 

from 3D EDT data are approximately kinematical, being suitable for ab ini-

tio structure solutions. Several examples have been given, including zeolites, 

SAPO-34, ETS-10, vanadium oxide (V4O9) and a Zn-Sc approximant. The 

relation between diffuse streaks and behaviors of defects has been discussed 

based on SAPO-34 nanosheets and ETS-10. 

HRTEM imaging has also been used to study the fine structure of differ-

ent materials. HRTEM imaging provides much more intuitive structure in-

formation than diffraction by giving 2D atomic structure projections. In this 

thesis, HRTEM has been used to directly observe the hierarchical pore struc-

tures in two zeolite nanosheets and layer stacking faults in microporous and 

mesoporous materials. More importantly, 3D electrostatic potential maps can 

be reconstructed from the Fourier analysis of images. Atomic positions can 

be located in the potential map, which is particularly important for poorly-

crystallized materials like COF-505. HRTEM has also been used to inspect 

the shape and connectivity of pores in a silica mesoporous crystal.  

The combination of electron crystallography and X-ray crystallography 

provides additional information about the fine structure of materials. PXRD 

has been used to investigate the 1D mesostructure, locate the positions of 

organic templates and study layer stacking faults. 
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7. Sammanfattning 

Electronkristallografi har visat sin makt i strukturanalys av ett brett spektrum 

av material. På grund av den starka växelverkan mellan elektroner och 

atomer, den övervinner det begränsningar för studier av små kristaller (<100 

nm) med hjälp av röntgenkristallografi. Dessutom kan elektronstrålar 

fokuseras av elektromagnetiska linser för att bilda en bild av kristallen. 

Följaktligen kan elektronmikroskop lösa atom strukturer i det reella rummet 

och den kristallografiska struktursfaktorn fasen kan erhållas från Fourier-

analys av en högupplöst bild. I denna avhandling har elektronkristallografi 

använts för studier av böter strukturer metalloxider / nitrider, quasicrystal 

approximanter, zeoliter, titanosilikater, COF och mesoporösa kiseldioxid. 

3D EDT teknik har visat sig vara användbart för att samla in 3D elektron 

diffraktions data från en enda submikron kristall och rekonstruera 3D 

reciproka gittret av kristallstrukturerna. Enhetscell, Laue klass symmetri och 

reflektionsförhållanden kan erhållas från den rekonstruerade 3D-gittret. 

Faserna identifieringar i (Ba)-Ta3N5 och ZnO-ZnGaON nanorods har 

utförts. De extraherade reflektionsintensiteter från 3D EDT data är ungefär 

kinematiska, är lämpliga för ab-initio strukturlösningar genom direkta 

metoder eller laddnings vändning. Flera exempel har getts, inklusive 

zeoliter, SAPO-34, ETS-10, vanadium oxid (V4O9) och Zn-Sc approximant. 

Relationen mellan diffusa rader och beteenden av defekter har diskuterats 

baserat på SAPO-34 nanosheet och ETS-10. 

HRTEM bilder har också använts för att studera de fina strukturerna i 

olika material. HRTEM bilder ger mycket mer intuitiv struktur information 

än diffraktion genom att ge 2D projection av den atomära strukturensmodel. 

I denna avhandling har HRTEM använts för att direkt observera hierarkiska 

porstrukturer i två zeoliter och stapling fel av lager i mikroporösa och 

mesoporösa materialer. Ännu viktigare, kan 3D elektrostatisk potential karta 

rekonstrueras från Fourier bildsanalys. Atompositioner kan placeras i den 

elektrostatisk potential karta, som är parskilt viktigt för dålig kristalliserade 

materialer som COF-505. HRTEM har också använts för att inspektera 

formen och anslutning av porer i en kisel mesoporösa kristaller. 

Kombinationen mellan elektron- och röntgenkristallografi ger ytterligare 

information om fina strukturer av materialer. PXRD har använts för att 

undersöka 1D mesostrukturer, lokalisera positionerna för organiska mallar 

och studera stapling fel av lager.  
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8. Perspectives 

Both diffraction and imaging in electron crystallography have great ad-

vantages in the study of the fine structure of materials. In particular, the 

combination of electron crystallography and X-ray crystallography provides 

a new way for the analysis of complicated structures that cannot be solved 

using conventional methods.     

3D EDT is very efficient for collection of electron diffraction data and the 

reciprocal lattice reconstruction. It also has drawbacks. A high R-value is 

usually obtained from structure solutions using 3D EDT data. Therefore, it is 

not reliable to refine crystal structures without consideration of dynamical 

scattering. In the future, it is warranted to make efforts to develop methods 

for the dynamical refinement against 3D electron diffraction. Moreover, 

there is also a possibility to solve complex symmetry problems through the 

application of 3D EDT and PED to particular samples. 3D EDT is likely to 

become popular not only for highly crystallized materials but also for those 

with poor crystallinity or containing many defects. It is also reasonably ex-

pected that this technique will be applicable to organic and biological com-

pounds, which are relatively sensitive to electron beams.  

HRTEM imaging allows observations of crystal structures with atomic 

resolution and 3D potential reconstruction through Fourier analysis. Howev-

er, this technique requires well-developed skills for the alignment of crystals 

and the careful selection of experimental conditions. With the advent of Cs-

corrected TEMs, the resolution and quality of images have been significantly 

improved. Moreover, 3D electron imaging tomography at Ångström resolu-

tion has now been achieved. It is, therefore, promising to explore and devel-

op new methods for image tomography at atomic resolution. 
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