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I 

 

Abstracts 

Structural transformation in materials has a potential to surpass materials’ intrinsic properties

and gives rise to peculiar properties by doping, functionalization, heat treatment and so on. The 

material assembled into layered architectures is susceptible to interaction with other elements

owing to weak van der Waals interaction between the layers. In addition, it is superior in an

investigation on localized structural variations caused by interactions with other elements in not 

only two-dimensional and but bulk materials. Although the structural transformation could have 

a huge impact on materials’ properties, in general, it occurs just in few micro-regions, which 

makes it difficult to do characterization accurately with analysis tools.  

 Transmission electron microscopy (TEM) is indispensable for materials science, in particular,

nanotechnology research. Dark-field TEM (DF-TEM) specializes in the structural transformation 

because it allows the area of specimen out of the Bragg condition only to light up like dislocations 

and bending regions in single crystal specimens. Development of aberration-corrected TEM with 

monochromator enables us to image single atoms in two-dimensional materials and atomic 

columns in bulk materials and, by extension, to determine the structural transformation such as 

lattice distortion and interatomic exchange interaction. The structural transformation 

accompanies a change in chemical state, which can be also explored by spectroscopic analysis of 

electron energy loss spectroscopy (EELS) in TEM.  

This thesis aims to deeply understand the structural transformation in layered materials: 

carbon-based low dimensional materials and layered cathode materials in lithium-ion batteries, 

using several TEM analysis techniques such as DF-TEM, atomic-resolution TEM (AR-TEM) and 

EELS. DF-TEM analysis was extensively carried out to reveal the structural evolution in carbon-

based low dimensional materials during a subsequent heat treatment process and local lattice 

relaxation of graphene/hBN superstructure. It was also applied to cycling – induced local phase 

transformation at the outermost areas of cathode materials in lithium-ion battery. The local 

structural transformation was successfully determined by AR-TEM and high-resolution scanning 

TEM imaging analyses in combination with image simulation. A comprehensive EELS study, 

conducted in a wide range of energy losses of carbon and transition metals, was able to reveal 

changes of chemical states caused by the structural transformation. Therefore, the present study 

provides a framework for the fundamental understanding of structural and chemical 

transformation in a wide range of layered materials through TEM analysis. It also provides insight 

into an intimate correlation between structural transformation and materials’ peculiar properties.
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Chapter 1: Introduction 

1.1| Overview 

Developing precise control over a composition in materials has attracted considerable attention in 

modern technology. An investigation on microstructural properties is a prerequisite to find out the 

origins of unusual physical properties, and thereby making it possible to engineer the materials’ 

properties. 

This thesis provides two main research topics that require deeper understanding of structural properties 

in layered materials with an introduction part containing a brief review of the layered materials, 

transmission electron microscopy and scanning transmission electron microscopy (TEM/STEM) and 

my research objectives; Part 1 for low-dimensional materials of carbon-based materials and two-

dimensional (2D) heterostructures of graphene on hBN and Part 2 for researches on the microstructural 

degradation of nickel-rich layered cathode materials in lithium-ion batteries. 

The introduction part contains my research backgrounds and research objectives, how to study the 

structural transformation. Part 1 provides studies aimed to explore the transformation on lattice and 

stacking structures of low-dimensional materials such as pristine graphene, graphene oxide and 

multilayer-graphene-stacked system, moreover, 2D superstructures of artificially stacked bilayer 

graphene and heterostructure of graphene on hBN. Annealing at the high temperature over 2500 ºC 

improves texturizing into well-ordered hexagonal lattices and decreasing interlayer distances by 

removing functional groups attached on carbon precursors and trapped things between layers. The 

changed chemical states by the structural transformation is investigated by electron energy loss 

spectroscopy (EELS). Moreover, dark-field TEM (DF-TEM) imaging analysis in 2D heterostructure 

reveals interlayer relation such as twist angle and superlattice domains, moreover, the local structural 

transformation at specific orientation. Those studies in low-dimensional materials provide direct 

evidences of a relation between structures and their peculiar properties and shed light on an importance 

of TEM analysis on the understanding of structural transformation. 

Part 2 provides studies on the microstructural degradation induced by repeated electrochemical cycling 

in company with a side reaction with electrolytes. Electrochemical performance of lithium-ion batteries 

is associated with structural and chemical stability of electrode materials. However, inevitable lattice 

distortions and chemical evolution have not been investigated intensively. I report the structural 

evolution localized in the outermost regions of cathode materials through electron diffraction and high-

resolution imaging analyses with aberration-corrected TEM/STEM. Repetition of volumetric changes 

generates cracks and voids, which is associated with deterioration of electrochemical performance. The 
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structural change is closely related to (003) intensity in electron diffraction, and it can be presented by 

DF-TEM imaging at a glance. EELS analysis elucidates the structural evolution accompanying 

chemical modification. Moreover, additive types in electrolytes make a difference in cycling-induced 

morphological change of cathode materials. Those studies provide an insight into correlating the 

structural and chemical evolution with the degradation mechanism on battery performances of 

LiNixCoyMn1-x-yO2 cathode materials.  

 

1.2| Layered Materials: A Brief Review 

 Layered materials are composed of inherently two-dimensional layers of atoms such as graphene with 

interplanar forces of van der Waals interaction or assembled into layered architectures by processes.1, 2 

They are generally classified into three groups depending on the composition and the forces to hold the 

layers together. (Figure 1) The first type of layered materials is composed of atomically thin layers with 

weak van der Waals interaction such as graphite and hexagonal boron nitride. Recently, it has been 

attracted intensely after separated as an individual layer by mechanical exfoliation and it leads to a new 

research field in two-dimensional materials. The second one has layers composed of two or three 

distinct planes of strongly bonded atoms held together by van der Waals interaction such as transition 

metal dichalcogenides (MoS2, MoSe2, WS2, WSe2, WTe2, etc.) and lithium transition metal oxides 

(LiCoO2). The third one has layers made up of dense assemblies of strongly bonded atoms with van der 

Waals interaction and/or electrostatic interactions such as silicate clays and layer double hydroxides. 

 The layered materials compacted by weak van der Waals interaction are susceptible to the structural 

transformation through interaction with other elements and separation into individual sheets by 

intercalation and mechanical exfoliation. 

 

Figure 1. A schematic classification of layered materials. (di = interlayer distance)1 
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1.3| Advanced Aberration-corrected TEM/STEM: A Brief Review 

Rising desire to manipulate the materials’ properties at the level of single atoms needs to qualify and 

quantify the materials with imaging analysis at atomic resolution. As shown in Figure 2(a), the 

wavelength of electrons needs to be decreased to improve the resolution by increasing the accelerating 

voltage of microscopes up to 1 MeV or higher.3 The increased voltage also increases the penetration 

depth of electrons and it enables to analyze much thicker specimens. Nowadays, with the increased 

interest in beam-sensitive nanostructured materials, the tendency is towards lower voltages to reduce 

the electron irradiation damage. Recent advances in the control of lens aberrations through the 

successful development of multipole-based aberration correctors open a new level of sub-Å resolution 

and rapid, atomic-resolution compositional imaging even at low acceleration voltages up to 30 keV.4  

 

Figure 2. Advances of spatial resolution in imaging microscopies and enhancement of energy resolution 

in EELS by development of monochromator.4, 5 

The energy resolution depends on an aberration of the electron spectrometer, energy distribution, and 

collection angle. The energy spread of incident electrons should be narrower than the natural Fermi 

edge of a specimen to reveal the energy-loss near-edge structure of the specimen. For a study on such 

features in low loss as vibrational modes, inter/intra band excitation, the tunneling tail of the zero loss 

is problematic in the observation of the fine structure and it is necessary to attain better energy resolution.  

Development of the monochromators with aberration correctors decreases the full width at half 

maximum (FWHM) significantly below 100 meV (Figure 2(b)), which enables to detect a motion of 

the weakly bound conduction and valence-band electrons. 
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1.3.1| Electron Diffraction & Dark Field TEM 

 

Figure 3. (a) Ray diagrams of bright-field and dark-field imaging mode. (b) Contrast of dislocation in 

dark-field TEM. (c) Applications of dark-field TEM imaging in 2D materials.6-8 

 

DF-TEM imaging involves the diffracted beam from the specimen by placing an objective lens 

aperture on the back focal plane, so it displays structure information only at the selected diffraction. 

The ray diagrams (Figure 3) display how to be imaged by the diffracted beam and comparison between 

bright-field TEM imaging. It allows only selected diffraction to light up in single crystal specimens. 

This is appropriate for the microstructure of epitaxial growth materials and defect analysis such as 

dislocation and grain boundaries.9 If Burgers vector for dislocation is aligned along the same orientation 

with diffraction vector, it looks much brighter in DF-TEM (Figure 3(b)). Recently, as growing the 

interest in the research of 2D materials, DF-TEM has been attracted to distinguish the stacking 

configuration and dislocation. It is difficult to determine the stacking configuration clearly with atomic 

resolution image and another characterization tools like Raman spectroscopy and X-ray diffraction. The 

change in stacking configuration makes phase shift and generates contrast difference in DF-TEM. 

Therefore, DF-TEM analysis is effectively applied to investigate the defect analysis not only to bulk 

materials, but also 2D materials. 
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1.3.2| Atomic Resolution TEM/STEM Imaging 

 High-resolution TEM (HR-TEM) is an important aspect of microstructure analysis. Phase contrast, 

which is a primary factor on the HR-TEM image, arises due to the difference in phase of the electron 

waves by interaction with a thin specimen. Two or more electron beams are incorporated, so there are 

many factors on the contrast mechanism; thickness, orientation, scattering factor, variations in the focus, 

and astigmatism of the lens.  

The resolution in TEM is simply expressed as d A / /  where Cs is the spherical aberration 

coefficient of the objective lens, λ is the electron wavelength, and the constant A. Although an 

accelerating voltage has increased up to 2 MeV to decrease λ, an image resolution has been restricted 

by the unavoidable spherical aberration of the objective lens, which makes additional phase shifts in 

the back focal plane.10 The recent development in aberration-correctors enables to observe single atoms 

even at the low accelerating voltage below 80 kV. 

 

Figure 4. Experimental and simulated AR-TEM images of graphene. 

Figure 4 well matches with simulated one by representing clearly resolved single carbon atoms in 

graphene. The contrast is so sensitive to various factors that it is necessary to conduct HR-TEM image 

simulation to understand and interpret the contrast in the experimental image.  

 

1.3.3| Electron Energy Loss Spectroscopy (EELS) 

EELS is to analyze the energy distribution after the incident electrons interact with the ground state of 

each nucleus and undergo characteristic scattering as a result of Coulomb interaction with atomic nuclei 

(elastic scattering) and the atomic electrons surrounding each nucleus (inelastic scattering).11 The 

characteristic energy loss provides a tremendous structural and chemical information on constituent 

atoms such as bonding and valence states, dielectric constants, plasmonic response, the bandgap, 

electron density, etc. EELS spectrum is divided as low loss with plasmon (< 50 eV) and core loss (inner-

shell ionization) region (> 50 eV) with the most intensive zero loss or elastic peak (Figure 5). The zero-



6 

 

loss peak includes electrons transmitted with no measurable energy loss and those with local vibration 

as phonon mode. It is hard to resolve the spectrum close to zero loss, so it is used to specify energy 

resolution through its FWHM. The low loss EELS spectrum contains information from the weakly 

bound conduction and valence-band electrons. The weakly bound electrons are important because it 

enable us to modify electronic properties of the specimen. A plasmon is a longitudinal wave-like 

oscillation of ‘free’ electrons in the range from 5 to 30 eV.12 Plasmon peaks are generally broad, with 

no specific ionization edges for element-characteristic features, so it has been used to determine the 

thickness of specimen and detect changes in composition with small energy shifts.13 The core loss EELS 

spectrum results from Inner-shell electron excitation and provides ionization edges for elemental 

information such as bonding states and atomic composition. The characteristic edge shapes and 

intensities enable qualitative and quantitative analysis. In particular, fine edge structure are electronic 

fingerprints on coordination and density of states; energy-loss near-edge structure (ELNES) and 

extended energy-loss fine structure (EXELFS) (Figure 6). ELNES arises from the no escaped excited 

electrons residing in any of the empty electronic states above the Fermi level, which provides 

information on the local bonding configuration.  

 

Figure 5. Electron energy loss spectrometry (EELS) spectrum.14 

 

Figure 6. Energy diagram and a schematic of a relation between density of states and energy-loss near-

edge structure (ELNES). 14 
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1.4| Research Objectives 

Recent development of TEM instruments has facilitated the investigation on structural transformation 

of low-dimensional materials, even by single-atom manipulation through AR-TEM imaging with single 

atom spectroscopy. Two dimensional materials are great specimen to interpret AR-TEM image and 

EELS because few scattering occurs to develop an image and a spectrum. If the plural scattering is 

significant, there are so many factors affecting on the interference between e-beam for imaging. The 

EELS spectrum also becomes more and more difficult to interpret, especially for low loss EELS and 

other problems arise. 

In this thesis, I have studied on DF-TEM, AR-TEM and HR-STEM imaging analyses in combination 

with a comprehensive EELS study. I have applied this framework on layered materials which is superior 

in the investigation on structural variations in not only two-dimensional and but bulk layered materials. 

DF-TEM analysis has been applied for a study on defects such as grain boundaries and local lattice 

strain. It also proves improved crystallinity using distinct stacking boundaries and the local structural 

transformation by interlayer and interatom interaction from two dimensional hetero layered structures 

to bulk layered materials in combination with simulations of the electron diffraction. AR-TEM and HR-

STEM analyses are essential to investigate the local structural transformation, so they are one of the 

primary studies on my research. 

I have studied on EELS in the range of energy loss from not only low loss but core loss. Core loss 

EELS has been studied to examine the transitions of the carbon K-edges on multilayer graphene system 

and transition metal L-edges on nickel-rich bulk materials because it shows significant peak shifts and 

change in edge shape. Low loss EELS study has been conducted especially low dimensional carbon 

materials for systematic analysis related to how to enhance stacking in structures initially composed of 

artificially stacked and overlapped graphene oxide flakes and also the crystallinity of such materials, 

depending on the temperatures and pressures they have been exposed to. 
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PART 1. TWO-DIMENSIONAL MATERIALS 

Chapter 2: Low Dimensional Carbon Materials 

Carbon is the fourth most abundant element in the universe by mass after hydrogen, helium, and 

oxygen. and widely applied in various industry. The carbon atom has six electrons [1s22p4] – two tightly 

bound close to the nucleus, and the remaining four as valence electrons that incorporates covalent 

chemical bonds. Depending on carbon-carbon bond nature and varieties in structures and textures, the 

carbon materials are classified as graphite, diamond, fullerene, carbon nanotubes and so on. In graphite, 

two of the three 2p orbitals participate in hybridization (sp2 orbitals). The sp2 carbon atoms have in-

plane bonds, which affects the planar structure of graphite. On the other hand, all 2p orbitals forms sp3 

orbitals with tetrahedral structure in diamond (Figure 7). 

 

 

Figure 7. (a) A diagram of atomic orbitals of carbon with sp2 and sp3 hybrid orbitals and (b) its 

allotropes.15, 16 

 

Among the various carbon materials, low dimensional carbon nanomaterials such as graphene, carbon 

nanotubes (CNTs), and fullerene (C60) have been attracted as novel materials owing to their peculiar 

properties and an opportunity to tune them through a reaction with other elements such as hydrogen, 

oxygen, and fluorine. Discovery of the monolayer graphene using exfoliation and chemical vapor 

deposition (CVD) synthesis attracts researches on not only pure graphene but graphene-related 2D 

materials such as functionalized graphene and graphene oxides. In this chapter, studies on a lattice and 

stacking structures of graphene and structural transformation on graphene-based carbon materials by 

annealing under high temperature over 2500 ºC and by chemical functionalization with hydrogen. 
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2.2| Graphene 

2.2.1| Lattices and Stacking Structures 

Graphene is the thinnest building block for graphitic materials of all dimensionalities. Its honeycomb 

lattice structures consist of strong σ bonds and freely moving π bonds that give extremely high 

electronic and thermal conductivity due to sp2 hybridization of carbon. The unit cell of graphene is a 

two-dimensional rhombus with a basis of two nonequivalent carbon atoms (A and B) and a lattice 

parameter as 2.46 Å (Figure 8).  

The freely moving π bonds are worth because the linear dispersion relation of π-band around K point 

at Fermi energy makes electrons behave as massless particles described by the Dirac equation. The 

electrons are so-called Dirac Fermions, which can travel through the graphene lattices with a velocity 

of 300 times smaller than the speed of light.17 

 

 

Figure 8. Structures of graphene; (a) hexagonal lattice structure (b) atomic and electronic orbitals of 

carbon (c) energy band structure of graphene.18 

 

The most favorable stacking configuration of graphite is Bernal stacking; the upper layer (B) is stacked 

on the below layer (A) in the center of the hexagonal carbon lattices, in other words, it is displaced by 

(2/3, 1/3) along a1 and a2 axes from the first layer with ABAB stacking regularity with P63/mmc space 

group (Figure 9).  

If third layer is displaced by (2/3, 1/3) from the second layer, it is not either the first layer (A) or the 

second layer (B), so it is denoted as another carbon layer (C). When repeating the displacement (2/3, 

1/3) in the fourth layer, it coincides to the first layer (A), so the corresponding stacking structure is ABC 

with rhombohedral crystal system as R3m space group. It appears that the rhombohedral structure is 

generated by insertion of stacking fault by applying shear force, which changes diffraction pattern. 
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If the second layer is stacked on the first layer at the same position, it is AA stacking. This stacking 

configuration is unstable energetically in nature. AA stacked graphite can appear only when Li 

intercalates into graphene layers of AB graphite with larger interplanar spacing about 3.53 Å. Recently, 

AA’ stacking of graphene was reported whose interlayer distance is larger as 3.44 Å than AB stacking 

as 3.35 Å.19 The (h01), (0kl) and (hkl) reflections are absent in AA' graphite, due to the insertion of 

additional atoms from the A' graphene layers into the eclipsed AA form.  

In addition to regular stacking configuration, random stacking is also possible, which is composed of 

rotated and/or translated carbon layers and called as turbostratic stacking. 

 

 

Figure 9. Stacking configurations of graphite; Bernal (AB), Rhombohedral (ABC), Turbostratic and 

AA’ stacking.19 
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2.2.2| Synthesis and Fabrication 

Graphene growth system by CVD is expected generally as three steps: decomposition and adsorption, 

diffusion and desorption, nucleation and growth toward graphene sheets (Figure 10).20 The dissociated 

hydrocarbon species such as (CH3)x, (CH2)x, (CH)x or Cx diffuse on the copper surfaces as nucleation 

seeds, then, they incorporate into the graphene lattices. The hydrogen takes a role as an etching and a 

catalyst agent by removing the unstable activated carbon species to control the shape and size of the 

graphene grains or by forming active hydrogen atoms by reaction with copper surfaces, which makes 

dehydrogenation of hydrocarbon thermodynamically favorable. 

 

Figure 10. A schematic of growth mechanism of CVD graphene. 20 

Direct transfer method was mostly applied for fabrication for TEM analysis in my research.21 TEM 

grid (Quantifoil holey carbon TEM grids (SPI Supplies, 300 mesh, 1.2 & 2-μm hole size)) is put onto 

the synthesized graphene on copper foil and solution (isopropyl alcohol, IPA) is dropped onto the TEM 

grid for better adhesion between the TEM grid and synthesized graphene on the copper foil. And then, 

the copper foil is etched by acid solution for 24 h. This process is appropriate for small pieces of clean 

graphene surfaces for TEM characterization. 

 

2.3| Structural Transformation on Low Dimensional Carbon Materials 

2.3.1| Graphitization and Carbonization 

The degree of the crystallinity in carbon materials affects thermal conductivity, electrical resistivity 

and magnetoresistance significantly. Thermal treatment is favorable both for adjusting the degree of 

decomposition and towards recover the sp2 carbon lattice. As temperature increases, carbon materials 

release the functional groups as gas attached on the precursor of carbon such as oxygen, nitrogen and 

hydrogen. When heated and annealed at 1300 ºC, almost foreign atoms go out and the carbon precursor 

become texturized as periodic hexagonal lattices. This is carbonization. However, the texturized carbon 

structure is still short-range order and they are randomly stacked. Over 2000 ºC, the carbon matrix is 

grown as well ordered hexagonal lattice structure and finally become perfect graphite by reducing 
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structural defects and enhancement of interlayer interaction with decrease in interlayer distances. This 

is graphitization. Their structural transformation is related with their electronic band structure, in other 

words, it enables us to tune the electronic properties of carbon with temperature (Figure 11).22 In this 

chapter, I will introduce two experiments; GO for carbonization and graphitization and artificially 

stacked multilayer graphene just for graphitization. 

 

Figure 11. Carbonization and graphitization and corresponding energy band structures depending on 

the heat treatment temperature with interlayer distances.23 

 

2.3.1.1| Graphene Oxide  

Graphite foils are lightweight, flexible, chemically inert, high-temperature resistant, and highly 

electrically and thermally conductive. Thermally transforming graphene oxide films are desirable to 

maintain a densely packed film structure at high heating rates as well as to lower the decomposition and 

graphitizing temperatures. This work provides a discussion of the pressure-assisted thermal 

decomposition of graphene oxide films by hot pressing at different temperatures. The pressed films 

were subsequently heated at 2750 ºC to achieve a higher degree of graphitization. The combination of 

heating and pressing promotes the simultaneous carbonization by thermal decomposition and 

graphitization of GO films by reorganizing stacking configuration. Comprehensive TEM analysis with 

EELS demonstrates a controllable transformation of GO from random stacked and oriented GO to AB 

stacked multilayer graphene.24 
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Figure 12. Improvement of the structure ordering in GO as increasing the temperature of hot pressing 

with further annealing. (a) Cross-sectional SEM images of the pristine GO, reduced GO by hot pressing 

under 2000 ºC with or without subsequent annealing at 2750 ºC. (b), (c) XRD patterns and 

corresponding results of (002) reflections. (d) Raman spectra. (e) XPS spectra from the C1s regions. (f) 

The molar ratios of C, H, and O. The blue and red box indicates an increase in temperature of hot 

pressing, and annealing at 2750 ‘C, respectively.24 

 

Figure 12 represent the improvement of the structure ordering in GO depending on the temperature 

of hot pressing and annealing. As increasing the temperature of hot pressing, the pressed GO films 

appears to be compact in the cross-section SEM images. The XRD patterns present increase in intensity 

and decrease in FWHM of (002) and (101) reflections, which indicates transformation to AB-stacking 

order with hot pressing. The Raman spectra in the 2D peak are close to HOPG’s spectrum. The XPS 

and mass fraction results indicate that this structural transition is associated with the removal of 

intercalated water and oxygen-containing functional groups when increasing the temperature of hot 

pressing. But, it is hard to distinguish the effect of hot pressing from one of annealing at the high 

temperature (> 2000 ºC) through Raman and XRD results. 
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Figure 13. DF-TEM and HRTEM images of (a) GO, reduced GO (b) by hot pressing under 2000 ºC 

and (c) by annealing at 2750 ºC.24 

 

Figure 13-14 represent DF-TEM images at the 1010  diffracted spot in the diffraction mode with 

an objective aperture and AR-TEM images with corresponding fast Fourier transform (FFT) pattern. In 

the GO film (Figure 13(a)), there are no distinct stacking boundaries in the DF-TEM and no long-range 

order of hexagonal lattices in the AR-TEM with the FFT, which lets us know a highly defective and 

disordered structure due to random stacking of GO platelets. In the GO film hot pressed at 2000 ºC in 

Figure 13(b), there appear short distinct lines from wrinkles, stacking boundaries and moiré fringes 

and one set of hexagonal 1010 	 diffraction spots in the selected area electron diffraction (SAED) 

patterns indicating crystallographic ordering; this is also confirmed by the an AR-TEM image with FFT 

patterns where it appears that AB-stacked structure has developed in few regions. It lets us pressure-

induced accelerated transformation toward graphite at relatively lower graphitization temperatures. On 

the other hand, the GO film annealed at 2750 ºC without pressing in Figure 13(c) displays random 

stacking from multiple sets of hexagonal SAED patterns and moiré patterns in an AR-TEM image even 

though well-texturized hexagonal lattices. On the other hand, the GO film annealed at 2750 ºC without 

pressing in Figure 13(c) displays random stacking from multiple sets of hexagonal SAED patterns and 

moiré patterns in an AR-TEM image even though well-texturized hexagonal lattices. 
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Figure 14. DF-TEM images and an ARTEM image with subsequent annealing at 2750 ºC after hot 

pressing at 2000 ºC on the graphene oxide film.24 

Hot pressing of GO films at 2000 ºC followed by heating the films at 2750 ºC (Figure 14) 

significantly improves the degree of graphitization of the films, as demonstrated by the presence of only 

one set of 1010 	diffraction spots in SAED patterns at the large areas over 25 μm2, suggesting closely 

perfect AB-stacked structure. DF-TEM images from different regions show a high degree of 

graphitization and larger areas of AB-stacking. An AR-TEM image also indicates an AB-stacked 

structure in multiple layers.  

From the DF-TEM imaging analysis, improved crystallinity was proved by generation of distinct 

stacking boundaries resulting from high temperature annealing, which was because graphene oxides 

were converted to multilayer-graphene. High pressure lowers the graphitization temperature 

significantly and can substantially enhance the degree of graphitization toward AB-stacking by 

accelerating the kinetics of structural transformation of non-crystalline graphene domains. 

 

2.3.1.2| Multilayer Graphene 

Artificially stacked 2D materials create van der Waals structures. It has attracted great attention as 

the resulting properties are both unique from their individual 2D components and can create materials 

not found in nature. In this section, I provide structural evolution as a function of heat treatment 

temperature in the multilayer graphene system obtained from repeated wet transfer and artificial 

stacking. 
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Figure 15. DF-TEM images of artificially stacked multilayer graphene (a) annealed at 400 ºC and (b) 

at 2800 ºC. 

5 layers of single crystal graphene deliberately stacked present multiple sets of electron diffraction 

patterns. The DF-TEM images at the 1st order diffracted reflections show that there are many moiré 

fringes with blue arrows has inevitably random stacking structure in artificial stacked multilayer 

graphene with trapped thing. After annealing at 2800 ºC, it appears to expand regions where the 

graphene layers are aligned along same orientation at the specific orientation, even though there are 

larger sets of the hexagonal SAED patterns due to not same specimen and different region for TEM 

characterization. The DF-TEM analysis is appropriate to present structural evolution toward perfect 

AB-stacking, on the other hand, it is hard to detect the trapped thins between the stacked layers.  

 

Figure 16. Characterization of the stacked graphene sample treated at 400 ºC. 
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The cross section TEM images of 100 layers-stacked graphene show that there are large variations of 

contrast due to the presence of both voids and metallic nanoparticles throughout the film in both BF 

and HAADF imaging (Figure 16(a) and (b)). The metallic particles were characterized by EDX in 

STEM energy dispersive X-ray images revealing them to be a mixture of Cu and Fe. They result from 

metal salts trapped between the layers that originated from the growth substrate and the etching solution 

(FeCl3). From the cross-section TEM images with EDX, it is clear that the pristine stacked multilayer 

graphene taken by repeated wet transfer contain a lot of defects and contamination from interstitial 

hydrocarbon residues and metal nanoparticles. They have an effect on the larger averaged interlayer 

distance as 3.504 ± 0.134 Å measured from a total of 25 fringes. 

 

 

Figure 17. Characterization of the stacked graphene sample after annealed at 2800 ºC. 

In an attempt to remove the contamination and basal plane defects, the SG400 film was subjected to 

further annealing at 2800 ºC, which is close to the temperature for perfect single crystal by 

graphitization. When the multilayer graphene was heated to 2800 ºC for 2 h in Figure 17, TEM cross 

section images and elemental mapping show that all the interstitial contamination and all the voids in 

the structure were removed, and the graphene layers were now closely stacked with a decrease in 

interlayer distances due to removal of trapped impurities between the layers throughout the entire cross-

section. The averaged interlayer distance was 3.361 ± 0.126 Å measured from a total of 150 fringes of 

L1, L2 and another one. From the result, it is clear that the annealing at 2800 ºC evokes structural 

transformation at some regions by rearrangement and thermal decomposition to form AB stacking. 
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2.3.2| Functionalization with Hydrogen 

 

Figure 18. Chemical functionalization on graphene.25-27 

Gr is zero band gap semiconductor. It is necessary to control and open the bandgap for wide application 

on device industries. Several approaches have been introduced by structural transformation such as 

mechanical modification and chemical modification by doping and functionalization. Research on the 

mechanical modification has conducted on the graphene nanoribbon28 and nanomesh, but it is hard to 

control their sizes and capability on the large sized graphene sheet. On the other hand, chemical 

modification is widely applied by placing foreign atoms on the surface of graphene to change bonding 

state of the graphene from sp2 to sp3 hybridized bonding.27 Hydrogen and fluorine25, 29 are prevalent 

foreign atoms. If graphene is fully hydrogenated, it is called as graphane which is a predicted 

stoichiometric derivative of graphene.30, 31 But it has severally compressed crystal lattice and make 

roughness on graphenic sheet.32 The functionalization of graphene perturbs both its physical and 

chemical properties. Fully hydrogenated graphene – often referred to as graphane – is a wide band gap 

material according to theoretical calculations.33, 34 
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Figure 19. Hydrogenated graphene with serious roughness and wrinkles and corresponding low loss 

EELS spectrum.35 

  

The presence of strain in hydrogenated mono- (H-SLG) and bilayer graphene (H-BLG) obtained by 

the Birch-type reduction of CVD-grown SLG and BLG is to be expected as the newly formed sp3-

hybridized C sites should elongate C–C bonds. The strain leads to generation of wrinkles depending on 

the degree of hydrogenation of graphene and also structural deformation,36 as dark and bright field TEM 

analyses reveal wrinkles in H-SLG and H-BLG, whose structure is distinct with the flat and 

deformation-free morphology of pristine graphene. The formation of sp3-hybridized C sites was 

investigated by TEM with low-loss EELS for change in the bonding states at 80 kV. Specific edges were 

observed at 13.4 and 7.6 eV in the EELS in H-SLG. The former signal is assigned to the ground state 

excitation of bonded hydrogen,37 whereas the latter is similar in energy to that reported for unpassivated 

diamond surfaces, in which transformation of dangling bonds into π-bonded chains induces partial 

graphitization.37 These results, combined with the observations of a π-plasmon at ~5 eV, suggest to us 

that some of the carbon atoms present in the product were not bonded to at least one hydrogen atom.  
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2.4| EELS Analysis on Change in Bonding States Induced by Structural Transformation 

The structural transformation inevitably accompanies change in bonding states, which can be 

examined by EELS. The carbon K-edge shows a transition to perfect graphite from carbon precursor as 

increasing temperature through the discrete sharp edges of π* and σ* and appearance of other edges 

over σ* (295 ~ 310 eV), which represents the improved crystallinity.26 (Figure 20(a))  

 

Figure 20. (a) Core loss EELS of carbon depending on structural evolution by annealing (b) Low loss 

EELS of graphene.22, 42 

Low loss EELS spectrum provides information about inter- and intra-band transition, which depends 

on bond fraction and specimen thickness. For example, π plasmon and π+σ plasmon of graphene is at 

4.7~4.9 eV and 14.7 ~ 15.4 eV, respectively.38, 39 In the case of graphite, the π plasmon is 6~7 eV, π+σ 

plasmon 26 eV, which results from the increase in interlayer interactions.40 The larger peak shift in bulk 

plasmon can take a role of measuring the degree of graphitic character. 

 

Figure 21. EELS spectra of structural disordering in graphite by hydrogen plasma treatment.43 
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When functionalized by hydrogen, there are a significant difference in the onset energy and intensity 

of π*, σ*, π plasmon and bulk plasmon owing to the changed C-C bond lengths and an appearance of a 

new edge by C-H bonds, depending on the transformed structures of hydrogenated graphene; chair, 

triclinic and the degree of the hydrogenation.41  

 

 

Figure 22. EELS spectra related with structural disordering in graphene oxide depending on the 

annealing temperature (a) (b) C-K edge (c) Low loss C region.24 

Core-level EELS spectra of C and O K-edges were measured from the three specimens of GO film. 

There is a significant decrease in intensity of the O-K edge at 525 eV after annealing (Figure 22 (a)). 

It means the GO film is reduced by removing the oxygen-containing functional groups by thermal 

decomposition. The ELNES of the C K-edge shows considerable differences (Figure 22 (b)). The GO 

film (black) is typical of amorphous carbon judged from no fine structure of the C K-edge. For RGO 

film (red), the π* and σ* peaks are observed at 285.5 eV and 292.5 eV, respectively. Hot pressing of 

GO films at 2000 ºC followed by heating the films at 2750 ºC (2750 ºC (2000 ºC HP)) (blue) shows 

much sharper edges of π* peak at 285.8 eV and a σ* peak at 292.8 eV along with much sharper edge 

structures over the σ* peak (~ 297, 303, and 307 eV), which was an indication of high degree of 

graphitization with increased stacking order. The energy difference between the π* and σ* peaks is 7.0 

eV, which is in good agreement with the corresponding value for graphite (7.1 eV).  

The low loss EELS spectra in Figure 22(c) indicate improved stacking in the GO film by annealing 

and hot pressing: The π-plasmon peak is barely visible for the GO film while it appears at 5.0 eV for 

RGO film and it is slightly blueshifted toward 6.0 eV for 2750 ºC (2000 ºC HP) film. The emergence 

of π-plasmon should indicate improved texturizing toward hexagonal lattice structures. Moreover, the 

peaks corresponding to the bulk plasmon in the GO film, RGO film, and 2750 ºC (2000 ºC HP) film are 

at 22.0 eV, 23.5 eV, and 26.25 eV, respectively.  
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The blue shift of the bulk-plasmon peak accompanying with the appearance of the π-plasmon peak is 

well consistent with the results in Figure 21, which is attributed to the transition from GO to highly 

graphitic structures by annealing and hot pressing. In addition, EELS spectra reveal the effect of hot 

pressing and annealing on chemical states obviously. The increase in temperature is effective to improve 

carbonization by promoting thermal decomposition to release oxygen functional groups, and if hot 

pressuring is applied, the GO films experience graphitization from incommensurate to a higher degree 

of compact layered stacking. 

 

Figure 23. EELS spectra representing enhancement of the stacking in 100 layers-graphene systems 

annealed at (a) 400 ºC and (b) 2800 ºC. 

The annealing effect only on graphitization was examined by the carbon K-edge EELS spectra taken 

from the cross-section TEM specimens. The multilayer graphene annealed at 400 ºC in Figure 23(a) 

shows mixed amorphous regions where there is weak split between π* and σ*(red, light blue and orange) 

in C-K edges and graphitic regions where discrete sharp π* and σ* edges with higher intensities 

(magenta and blue) with metal particles of Cu (~ 950 eV) and Fe (~ 700 eV) (black). The amorphous 

carbon seems to be from ‘adventitious carbon’ in the atmosphere adsorbing on the graphene surface 

rapidly after removed from the CVD reactor.  

The multilayer graphene annealed at 2800 ºC shows a graphitic signature at all spectra with sharper 

edges over the σ* peak (~ 297, 303, and 307 eV) (Figure 23(b)). The carbon EELS spectra are similar 

to that of high-oriented pyrolytic graphite (HOPG)44 and that of graphite, which suggests that the 

interstitial amorphous carbon observed in the above specimen had been clearly removed by thermal 

decomposition or become graphitized. The metal particle of Cu and Fe was also removed and so do O-

K edge, which lets us know the specimen is only composed of well-graphitized carbon. The annealing 
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temperature of 2800 ºC exceeds the boiling points of Cu and Fe are 2567 ºC and 2750 ºC respectively, 

and so metal particles appear to be likely converted to small clusters and then to be driven out of the 

film and/or they take a role of catalyst for graphene layers to more closely stack. 

 

2.5| Conclusion 

Carbon materials reorganizes their structures depending on temperature through carbonization and 

graphitization, which gives an opportunity to tune the electronic band structure through changes in 

interlayer distances and stacking configurations. This is the reason why I have been interested in this 

research.  

Other characterization tools do not provide an obvious difference in the degree of compact layer 

stacking over the high temperature (> 2000 ºC), such as XRD, XPS, and Raman spectroscopy. On the 

other hand, TEM clearly distinguish the effect of annealing from one of hot pressing on reorganization 

of GO structures at the high temperature (> 2000 ºC) through DF-TEM and AR-TEM imaging analyses; 

GO is transformed into polycrystalline graphite when just annealing at 2750 ºC. On the other hand, it is 

transformed into large-sized single-orientated graphite when pressed at 2000 ºC and subsequently 

annealed at 2750 ºC. In addition, the change in chemical states was obviously confirmed by discrete C 

K-edge and low loss carbon EELS.  

Recently, we can get the single layer graphene experimentally from CVD synthesis and mechanical 

exfoliation. Furthermore, we can create van der Waals structures by artificial stacking of 2D materials 

as a synthetic crystal not found in nature. If the synthetic crystal is annealed at the high temperature (~ 

2800 ºC), it is transformed into compact layered stacking by thermal decomposition of trapped things. 

It has partial Bernal stacking configurations from 20 to 50 %, which contrasts with general graphite. It 

leads to extraordinary properties such as a low sheet resistance and extremely high Young’s modulus. 

Thus, it sheds light on new research fields of the synthetic crystals by artificial stacking.  

To sum up, the heating is effective to improve carbonization and graphitization by promoting thermal 

decomposition from incommensurate to a higher degree of compact layered stacking, and if hot 

pressuring is applied, the carbon experiences further graphitization to perfect AB stacking. DF-TEM 

and EELS analyses determine the structural evolution obviously from incommensurate to regular 

compact stacking structure. 

In addition, DF-TEM and EELS analyses reveal the locally transformed structures such as serious 

wrinkles and irregular dislocations by functionalization with hydrogen. Low loss EELS is appropriate 

for a study of the low degree of the functionalization and the weak C-H bonds. 
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Chapter 3: Interatomic Interaction on Two-Dimensional Graphene 

Superstructure 

3.1| Introduction 

The production of 2D materials has advanced in recent years, which further triggers intensive research 

on the van der Waals (vdW) heterostructures of 2D materials (Figure 24).45 Stacked vdW 

heterostructure provides extraordinary properties from their individual components and different 

interatomic interaction between stacked layers. Replacement of SiO2 substrates with hexagonal boron 

nitride (hBN) has improved the charge carrier mobility of graphene by more than 2 orders of 

magnitude.46-49 The commensurate state of vdW heterostructures of 2D materials promises to overcome 

the inherent drawbacks of graphene on pure 2D crystals such as MoS2 and WSe2.
50, 51 The crystalline 

mismatch between the layers changes the periodicity of the superlattice, leading to a spontaneous 

alternation of the periodicity in each layer of 2D materials. These spontaneous changes, which arise 

from the van der Waals adhesion potential (according to the Frenkel–Kontorova model52, 53) induce 

interesting characteristics not observed in a multilayer superstructure.54-58 

In this chapter, moiré superstructures are identified through DF-TEM with SAED, in particular, for a 

heterostructure of graphene on hBN. Analyses were performed on freestanding specimens, which was 

free from substrate effects. The distribution of the moiré fringes under DF-TEM immediately provides 

the interlayer relation through twist angle between stacked layers.  

 

Figure 24. Van der Waals heterostructures.45  
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3.2| Experimental Section 

3.2.1| Preparation of a Heterostructure of Graphene on hBN 

Graphene film was synthesized by CVD on 25-μm-thick copper foil (99.8 % Alfa Aesar, Ward Hill, 

MA, USA). For synthesizing large-sized grains of graphene, the vapor pressure of hydrogen and 

methane was controlled as previously described.59 The working pressure of hydrogen was 1.5 × 10−2 

Torr, increasing to 1.3 × 10−1 Torr after inputting methane. The synthesized graphene was transferred to 

Quantifoil TEM grids by the direct transfer method.21 The copper substrate was etched away in Na2S2O8 

solution (0.2 mg Na2S2O8/ mL water) for 12 h. The average grain size of the graphene exceeded 2 μm; 

consequently, the grains covered the whole area of a 2-μm-diameter hole in the Quantifoil TEM grid.  

The synthesis and transfer process of the hBN film are described in a previous paper.60 The hBN films 

were synthesized under low-pressure CVD on platinum foil of thickness 125 μm (99.95%, Goodfellow) 

with ammonia borane precursor, and transferred onto a graphene/Quantifoil TEM grid by the 

electrochemical bubbling method. 

3.2.2| Structural Characterization  

TEM characterization was conducted in a Cs image aberration-corrected FEI Titan Cube TEM with 

an electron monochromator operated at 80 kV. The moiré fringes were acquired along the 1010  

diffraction reflections of graphene and hBN by DF-TEM imaging. The diameter of the objective 

aperture was approximately 1.2 nm−1 in electron diffraction mode. The acquisition times of the DF-

TEM images and atomic resolution TEM images were 5 and 0.3 s, respectively.  

3.2.3| Image Simulation 

The atomic model simulation images were generated in Photoshop and Jmol, an open-source Java 

viewer for three-dimensional chemical structures that reads a variety of file types and generates output 

from quantum chemistry programs. Jmol animates multiframe files and computes the normal modes 

from the quantum programs. The mainframe of the model was constructed by VESTA. Atomic 

resolution TEM image simulation were conducted by the multislice method in MacTempas package. 

 

3.3| Moiré Patterns by Interference Between Stacked Layers 

Moiré superstructures can be topologically analyzed under a scanning tunneling microscope (STM) 

and TEM.61, 62 Mismatches of crystals from different lattice constants and relative orientations produce 

periodic new superstructures with larger periodicity than the lattice constants themselves14, which 
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emphasizes the local configurational changes induced by defects and strain even though the individual 

lattice structures cannot be resolved.63-65 Moreover, DF-TEM analysis with SAED reveals structural 

information along a selected orientation with an appropriate objective aperture, so it has been widely 

applied in analyses of structural defects such as stacking boundaries,7, 66 distribution of grains,67, 68 and 

dislocations and stain field (Figure 25).69 

 

Figure 25. Application of moiré patterns for study on defects.14 

 

3.3.1| Rotational Moiré Patterns of Bilayer Graphene 

Artificially stacked bilayer graphene as an example of rotational moiré superstructure shows periodic 

hexagonal patterns and moiré fringes just in one orientation when rotated (Figure 23). The periodicity 

of moiré patterns and the spacings between the moiré fringes depend on the twist angle between two 

layers. In other words, the periodicity and the spacings let us know the twist angle between layers. 

 

Figure 26. A schematic of moiré superstructures in bilayer graphene. 
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DF-TEM imaging visualizes moiré fringes and determine twist angles of graphene sheets at a 

resolution less than degree (Figure 27). It enables mapping of twist angle variations between stacked 

layers and superlattice domain sizes and let us know intra-misorientation angles at the grain 

boundaries.70 Furthermore, it reveals discrete nanosized superlattice domains and wrinkles inevitably 

generated during the fabrication of artificially stacked bilayer graphene, which should have a 

detrimental effect on the properties of materials.  

 

Figure 27. Superlattice domains generated by wrinkles in stacked bilayer graphene.71 

 

Figure 28. Intensity variation depending on the stacking structure and the number of layers in the DF-

TEM image of multilayer graphene.72  
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When graphene is stacked along the same orientation or has regular stacking structure, there is just 

contrast difference in a DF-TEM image depending on the stacking configuration. As increasing the 

number of graphene layers, the intensity of the DF-TEM image in the 2nd order diffracted reflection (I2) 

increases regardless of the stacking configuration (Figure 28). On the other hand, one in the 1st order 

diffracted reflection (I1) shows strong dependence on stacking configuration. The ratio of I1/I2 let us 

assume the stacking configuration in the multilayer graphene. 

 

3.3.2| General Moiré Patterns of Graphene on hBN 

 When graphene is stacked on hBN, the general moiré superstructures show unperiodic hexagonal-

like moiré patterns and diverse spacings and directions on the moiré fringes when rotated, which 

depends on the twist angle and a difference in lattice constants (Figure 29). There are two factors 

affecting on the general moiré superstructures, so it could give more information about interlayer 

relationship like twist angle and distribution of the grain boundaries on 2D materials.73  

 

Figure 29. A schematic of moiré superstructures in graphene on hBN. 

 

In particular, the direction of moiré fringes let us do mapping of grain boundary on the single layer 

system. Figure 30 shows the comparison between rotational and general moiré fringes in terms of 

direction in the fringes. The general moiré fringes show the different direction whereas the rotational 

moiré fringes show the same direction when rotating clockwise and counterclockwise as 4º. The 

direction-dependence in the general moiré fringes could resolve intra-misorienation angle at the grain 

boundaries clearly as shown in Figure 31. 
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Figure 30. Comparison of moiré fringes in terms of direction. 

 

 

Figure 31. Colored DF-TEM images showing relative misoriented angles between hBN domains 

with distribution superstructural domain sizes and intra-misorientation angles between hBN domains. 

 

Figure 31(a) represent that the domains of red color are rotated clockwise and ones of blue color are 

rotated counterclockwise relative to the graphene’s orientation (the diffraction vector of graphene). 

When a domain is rotated clockwise as 1 degree (red domains) and the other one is rotated 

counterclockwise as 1 degree (blue domains), there is no difference in the case of rotational moiré 

fringes. On the other hand, the general moiré fringes show the direction-dependence in the moiré fringes, 

which reveals the intra-misorienation angles as 2 degrees at the boundaries between red and blue 

domains. Therefore, the general moiré fringes can analyze the real distribution of the superlattice 

domains and grain boundaries in the single 2D system. 
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Figure 32. Spacing between moiré fringes versus the twist angle between stacked two layers. 

Figure 32 shows that the spacing moiré fringes has reciprocal relation with the twist angle between 

layers and an analysis on moiré fringes is appropriate to investigate the interlayer relation at the small 

twist angle. The spacing drm of rotational moiré fringes (such as bilayer graphene and bilayer hBN) 

becomes infinitely large as the twist angle between stacked layers approaches zero without dependence 

of the lattice constants. That’s why there is just a difference in intensity in a DF-TEM image when two 

layers are stacked along the same orientation or has regular stacking structure. On the other hand, the 

general moiré fringes show that their spacing dgm is constrained by lattice mismatch (μ). Consequently, 

moiré fringes are always observed in the DF-TEM image when there is lattice mismatch between two 

layers. 

 

3.4| Interfacial Relation of Graphene on hBN: Study on Moiré Fringes in DF-TEM 

For investigation on the interfacial relation and interlayer interaction between graphene and hBN, the 

twist angle between layers (θG-BN) was measured precisely from the general moiré fringes of G/hBN 

(ggm) which are the difference between the diffraction vectors of graphene (gG) and hBN (gBN).  

The schematic in Figure 33 illustrates how to get θG-BN. gBN and gG are the diffraction vectors in a 

reciprocal space of hBN and graphene, respectively. In Method 1, the diffraction vector of the general 

moiré fringe (ggm) is perpendicular to the moiré fringes in real space. The length of the diffraction vector 

is reciprocally related to the interplanar spacing of the diffracted reflections, so the length of ggm (1/dgm) 

is determined by one of gG and gBN which expressed as	dgm= dG×dBN

(dG
2+dBN

2-2dG · dBN · cos (θG-BN))
1 2⁄ . From the 

lengths of moiré fringes, graphene and hBN, θG-BN can be calculated. In Method 2, the diffraction vectors 

form a triangle with their lengths and angles. From these lengths and the angle of moiré fringes relative 

to graphene and hBN, θG-BN is calculated by the sine law as follows: 	 2R.  
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Figure 33. A schematic how to get the twist angle between graphene and hBN (θG-BN) from the moiré 

fringes.73 

 

Figure 34. A schematic how to take the interplanar spacing between 1010  of graphene and hBN 

(dG and dBN) from the AR-TEM images.73 
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It is essential to get the dG and dBN experimentally at first to get the dgm. Figure 34 delineates the 

process how to get the dG and dBN experimentally from the AR-TEM images with the corresponding 

FFTs. Many images (over 30) were collected from clean large-area monolayer graphene and hBN under 

the same TEM condition. Then, dG and dBN were taken from the corresponding FFTs, and their statistics 

were computed. The average dG and dBN were 2.130 Å and 2.169 Å with low standard deviation of 0.02 

Å, respectively. μ between graphene and hBN ranged from 1.619% to 1.983%. Therefore, it appears 

that the suggested process for dG and dBN is reasonable to deduce θG-BN exactly.  

 

 

Figure 35. Sensitivity of general moiré fringes at the low twist angle.73 

The suggested methods also let us recognize sensitivity of general moiré fringes on small θG-BN by 

plotting the θG-BN as a function of dgm (left column) and as a function of the angle between moiré fringes 

gG (α) (right column) determined by three factors: θG-BN, dG, and dBN. (Figure 35) Magenta and blue 

lines indicate the distributions of θG-BN and dgm in Method 1 and the distribution of θG-BN and α in Method 

2, respectively. There is a difference in α around 3º which is enough to be resolved when θG-BN is just 

0.1 degree and the difference becomes larger as increasing the θG-BN, which could investigate the 

interlayer relation on θG-BN accurately, in particular, at small θG-BN. 

For G/hBN, μ is assumed that around 1.8%. It constrains the maximum spacing of the general moiré 

fringes as 12.039 nm when θG-BN = 0º. 
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Figure 36. Reliability of the suggested methods for θG-BN.
73 

The above figure represents high reliability of the suggest methods to get θG-BN from dgm and the angle 

between gG and the moiré fringes (α). The orientation of the moiré fringes and distribution of dgm are 

highlighted by the yellow line and magenta box, respectively. The corresponding nanobeam diffraction 

(NBD) patterns reveal the orientation of gG (marked by red line) and the θG-BN.  

For the method 1, dgm = 6.6 nm (Figure 36(a)) and the experimental dG (2.130 Å) and dBN (2.169 Å) 

are inserted into the equation in method 1 (Figure 33) and the θG-BN is estimated as 1.56º. For the method 

2 based on the sine law, the measured α as 34º (Figure 36(a)) is substituted into the equation in method 

2 (Figure 33) and it results in θG-BN around 1.56º. It appears very similar calculated angles from the two 

methods (approximately 1.5º).  

The consistency of the calculated θG-BN with real lattices was examined by NBD patterns and AR-TEM 

imaging. The NBD pattern and the digital diffractogram (FFT) corresponding to an AR-TEM image are 

presented in Figure 36(a) and (b), respectively. The FFT distinguishes two sets of diffracted reflections 

with a θG-BN of approximately 1.5º. Moreover, the experimental AR-TEM image is consistent with the 

schematic atomic model of G/hBN (Figure 36(b)). Therefore, the moiré fringe analysis with DF-TEM 

imaging can reliably resolve θG-BN. 
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3.5| Transition to Commensurate States of Graphene on hBN 

When the twist angle of G/hBN (θG-BN) is less than 2º, G/hBN exhibits a distinctive Hofstadter’s 

butterfly structure with additional satellite resistance peaks and the maximum band gap appears at θG-

BN = 0º.74 As θG-BN decreases, the in-plane elastic energy weakens and approaches the vdW energy. Under 

this condition, the graphene lattice can relax toward an hBN lattice at the cost of graphene layer 

distortion.75, 76 The interlayer interaction depends on the stacking configurations, which results in 

inhomogeneous strains and corrugation on the G/hBN heterostructure.  

 

Figure 37. Theoretical researches on the local transition to a commensurate state of G/hBN depending 

on the stacking configurations.54, 76, 77 

 

The graphene lattice primarily relaxes around the AB-stacked regions, wherein carbon (C) atoms are 

located above the boron (B) atoms. Lattice relaxation changes the electronic structures by opening a 

small band gap at the Dirac point of graphene.75, 78 
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3.5.1| Dependence of Twisted Angle Between Graphene and hBN 

 

Figure 38. Widening and bending of the moiré fringes of G/hBN only at low θG-BN in (a) DF-TEM and 

(b) AR-TEM images.73  

 

As θG-BN decreases, the general moiré fringes in the DF-TEM images are unevenly distributed and 

periodically bent (Figure 38(a)). To account for the unique feature, the AR-TEM image was subjected 

to lattice fringe imaging analysis by masking on the selected orientations on the FFT in order to correlate 

with the DF-TEM image (Figure 38(b)). The moiré fringes in the masked AR-TEM image of G/hBN 

show same features depending on θG-BN. At large θG-BN (θG-BN = 3.2°), the moiré fringes are evenly 

distributed at all orientations, in other words, the all dgm at three orientations are consistent and equal to 

3.66 nm. At this θG-BN, the moiré fringes appear quite straight and parallel and are noncorrugated and 

constant in width. When graphene and hBN are aligned along the same orientation (θG-BN ≈ 0º), the 

moiré fringes are largely corrugated at all orientations, and some dgm exceeds its maximum of 12.039 

nm when μ is 1.8% between graphene and hBN.  

To investigate the unique feature in moiré fringes depending on θG-BN, it is essential to correlate 

between the moiré fringes in the DF-TEM images and ones in the masked AR-TEM image.  
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The lattice fringe images in the Figure 39 were acquired by applying the masking technique 

implemented by a digital micrograph. Monolayer graphene and hBN images were converted to lattice 

fringe images in each orientation. The lattice fringes have uniform widths (except in low-intensity 

regions) and the area of the adsorbates varied under the inhomogeneous distribution of the electron 

beam intensity and adsorbate disturbance. 

The intensity of the fringes follows the Howie–Whelan equations; that is, it sinusoidally oscillates 

normal to the diffraction vector g. The period of the oscillation depends on the excitation error and the 

thickness of the specimen. If the specimen is not exactly flat, the fringes will shift in succeeding images; 

however, the periodicity will not noticeably change.  

 

 

Figure 39. Lattice fringe analysis by masking on the FFTs corresponding to the AR-TEM image along 

the 1010  diffraction reflections on the monolayer graphene and hBN.73 
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Figure 40. The real AR-TEM images and corresponding lattice fringes images of defective monolayer 

graphene and hBN.73 

The lattice fringes images (right) are well matched with AR-TEM images (left) in Figure 40, which 

indicates high reliability of masking technique to study 2D materials. The lattice fringe images highlight 

the defective regions of hole defects and hydrocarbon residues even few Å2 area. 

 

 

Figure 41. The moiré fringes in the DF-TEM images and ones in the masked AR-TEM image.73 

Figure 41 represents high correlation between the moiré fringes in the DF-TEM images and ones in 

the masked AR-TEM image. Therefore, the masking technique on the AR-TEM image is appropriate to 

investigate the interlayer interaction by corelating with the moiré fringes in the DF-TEM image. 
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Figure 42. Comparison of the moiré fringes at between small and large θG-BN by masking on AR-TEM 

images.73 

The Figure 42 shows the different morphology of the moiré fringes at between small and large θG-BN 

when all lattice fringes are superimposed depending on the selected orientations. There are three types 

of the moiré fringes owing to hexagonal symmetry in G/hBN. The moiré fringes are periodically bent 

and widened little only at the small θG-BN. It appears that the periodic change is related with stacking 

configurations of graphene on hBN and it results from the different interlayer interaction depending on 

the stacking configurations.  

 

3.5.2| Dependence of Stacking Structures 

The contrast of moiré fringes results from interference between graphene and hBN lattice fringes as 

constructive (bright) and destructive (dark) interferences, respectively, which depends on difference in 

phase shift in accordance with stacking configuration (Figure 43).  

 

Figure 43. A schematic of contrast in the moiré fringes caused by interference between the lattice 

fringes of graphene and hBN in DF-TEM depending on the stacking configuration.73 
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Figure 44. Schematic atomic model and lattice fringe images taken by masking on the 1st order 

diffraction reflections of AR-TEM images of G/hBN with two sets of hexagonal diffraction reflections 

in the corresponding FFTs at large θG-BN (3.2º).73 

θG-BN in Figure 44 is precisely acquired from the directionality of the moiré fringes and the 

distinguishable diffraction reflections for graphene and hBN in the FFTs, as a result, it is 3.2º. The lattice 

fringes on all first-order diffraction reflections are periodic, being brightest in the AA-stacked regions 

and darkest in the BA- and AB-stacked regions. The colorized lattice fringes in the AR-TEM images 

also show nearly parallel moiré fringes with unvarying morphology for each first-order diffraction 

reflection.  

 

Figure 45. Schematic atomic model and lattice fringe images taken by masking on the 1st order 

diffraction reflections of AR-TEM images of G/hBN with overlapped one hexagonal diffraction 

reflection in the corresponding FFTs at large θG-BN (0º).73 

 

Figure 46. Schematic models for determining the stacking configuration of G/hBN.73 
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On the other hand, it is hard to clearly resolve θG-BN from the overlapped diffracted reflection in the 

FFT when graphene and hBN have same orientation. The unit size of the hexagonal moiré patterns (~13 

nm) and α (~ 65º) with the directionality of the moiré fringes in Figure 45 and Figure 46 let us estimate 

that the hBN is twisted relative to graphene by approximately 0.4° along the counterclockwise direction. 

The hBN defect indicated by an orange triangle has nitrogen-terminated edges resulting from boron 

vacancies caused by knock-on damage during e-beam irradiation.79 This defect stands for the orientation 

of the hBN, which determines the stacking configuration of G/hBN. The dark area is larger in the AB-

stacked regions than in the BA-stacked regions in Figure 45, which indicates that AB stacking is 

energetically favorable stacking sequence. Colored moiré fringes superimposed on an AR-TEM image 

show widening and zigzagged morphology depending on the stacking configurations. This uneven 

contrast distribution indicates loss of periodic hexagonal symmetry of G/hBN. Moreover, the dgm are 

non-uniform in different orientations, indicating uneven twist and strain in G/hBN.29 The width of the 

moiré fringes also slightly varies. The periodically zigzagged morphology around 25º is related to the 

AA-stacked regions and reflects local changes in θG-BN.  

 

Figure 47. Lattice fringe images from deliberate stacking lattice fringe images of monolayer graphene 

on one of monolayer hBN.73 

The lattice fringe images of monolayer graphene and monolayer hBN were deliberately stacked to 

demonstrate the relation between stacking configuration and the morphology of the moiré fringes 

(Figure 47). The moiré fringes by deliberate overlay are straight and constant in width when θG-BN 

equals 0º, which indicates that the moiré fringes are independent of the stacking configuration and 

morphological change in the moiré fringes arises from the interlayer interaction between the artificially 

stacked graphene and hBN.  
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3.5.3| Local Lattice Match of Graphene on hBN by Relaxing Graphene Lattices 

Small θG-BN approaching to 0º yields distortion in the moiré fringes. The distortion appears to be 

periodic and to be related with the stacking configurations of G/hBN. 

 

Figure 48. Simulated and experimental AR-TEM images of G/hBN depending on the stacking 

configuration when θG-BN equals (a) 3.2º and (b) 0º. All scale bars are 1 nm.73 

 

Different stacking configurations yield different twisting and diffracted reflection distances of 

graphene and hBN only when θG-BN approaches to 0º. In the AA-stacked regions, two sets of diffracted 

reflections indicate twisting and different lengths along the 1120  diffraction reflections. The BA-

stacked regions also show two distinguishable sets of diffracted reflections, but with less twisting than 

in the AA-stacked regions. The simulated images are also consistent with the real images in both AA- 

and BA-stacked regions. In contrast, the AB-stacked region displays a single set of diffracted reflections. 

A real AR-TEM image shows that intensities of single atoms are much clearer and the areas enlarged 

where the atoms maintain their hexagonal structure particularly at the AB-stacked region compared to 

the simulated AR-TEM image. These phenomena denote that the two layers become commensurate 

states by decreasing their lattice mismatch and locally twisting. In particular, the diffraction patterns of 

graphene exhibit larger twisting and shrinking behavior than those of hBN; that is, the graphene lattices 

are transformed to become identical with hBN lattices.  
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Figure 49. Maximum spacing between general moiré fringes (dgm_max) as a function of lattice 

mismatch, μ.73 

There are three factors for moiré fringes of G/hBN: θG-BN, dG, and dBN. When θG-BN is zero for the 

maximum dgm (dgm_max) and dBN is expressed in terms of dG and μ, dgm_max simplifies to d 1 . As 

μ increases, the dgm_max drastically changes from infinite to a few nm. My experimental result is 

consistent with the generally accepted μ (1.8%), so the corresponding dgm_max is 12.039 nm. When μ 

decreases to 1.4%, dgm_max increases to 15.49 nm. The orange dotted box in Figure 49 indicates the 

range of μ obtained from my experimental results. Increased dgm widens the moiré fringes because this 

parameter affects the periodicity of the sinusoidal intensity oscillations of the lattice fringes.80 Therefore, 

the contrast of the moiré fringes is dependent on dgm, in other words, it is reciprocally related with μ.  

 

Figure 50. A schematic for lattice fringe image simulation.73 
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To determine whether the moiré fringes were varied by the commensurate state transition, the lattice 

fringe was imaged by Photoshop (Figure 50). The lattice fringe images taken by the masking technique 

show sinusoidal intensity distributions. This distribution of the lattice fringes was simulated in 

Photoshop. The intensity of each lattice fringe varies sinusoidally between dark and bright. The 

periodicity of the darkest fringes was determined from the length of the diffraction vectors along the 

1010  diffraction reflections.  

 

 

Figure 51. Schematics and moiré fringe images simulated by Photoshop at the θg.-BN of 0º and 3.2º.73 

 

In the simulated fringe images in Figure 51, there is no distortion in the superimposed lattice fringe 

images, in other words, there is no variation in the intensity at the AB- and BA-stacked areas. The image 

simulated at 3.2º in Figure 51(d) is well consistent with Figure 44, which lets us know the high 

consistency between the simulated and real lattice fringe images. 
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Figure 52. Simulation on the effect of local lattice relaxation on the moiré fringes using Photoshop.73 

The first row of the Figure 52 shows the moiré fringe images of unrelaxed graphene on hBN taken by 

Photoshop. The images shown are three reflections (yellow, blue, and green) and their overlay (fourth 

column). There is no distortion in the moiré fringes and the moiré patterns from superimposed moiré 

fringe images. The second row shows the moiré fringes of relaxed graphene on hBN when the graphene 

lattices are locally extended in the AB-stacked area. The local extension in graphene lattices also 

expands the distance between the lattice fringes with local corrugation around the AB-stacked areas. As 

a result, their surroundings change in contrast with local bending and widening, which leads to 

enlargement of dark contrast areas when superimposing all lattice fringe images in the fourth column.  

This simple simulation shows that relaxation on the lattices enlarges the dark area and changes 

morphology and widths of moire fringes in DF-TEM in Figure 38, 42, and 45, which has a larger dark 

region at the AB-stacked region originated from stretching of the interatomic bond length of graphene. 
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Figure 53. Simulated AR-TEM images of G/hBN for (a) defocused conditions and (b) interlayer 

distances depending on the stacking configurations.73 

Atomic resolution TEM image simulation was conducted by the multislice method in MacTempas 

package to account for the local expansion of perpect AB-stacked area in Figure 48(b). The simulated 

TEM images in Figure 53(a) well match TEM images in Figure 48(b) under the − 5.2 nm defocus 

condition. When considering interlayer distances at the − 5.2 nm defocus condition, it appears that there 

is no remarkable features like the expansion of pefectly stacked region, where single dots are cleary 

resolved. The interalayer distances at the first column refer to references.54 Thus, the image simulation 

let us know that the local expansion of perpect AB-stacked area in Figure 48(b) doesn’t result from the 

difference in the interlayer distance depending on the stacking configuration. 

 

 

Figure 54. Simulated TEM images of G/hBN depending on the lattice mismatch.73 
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To account for the local expansion of perpect AB-stacked area, the lattice mismatch was considered 

as shown in Figure 54: the simulated TEM images in the AB-stacked area for μ = 1.8%, 1.0%, and 0.0% 

under the same defocus condition (−5.2 nm). As μ decreases, the intensity of single atoms become 

distinct, in other words, the hexagonally arrayed single atoms cover a larger area. Therefore, the 

increased intensity and hexagonal symmetry in red area of Figure 48(b) result from the decreased lattice 

mismatch.  

 

Figure 55. A graph of average lattice mismatch between graphene and hBN versus θG-BN.
73 

The local commensurate transition in the AB-stacked regions reduces the average μ (Figure 55). The 

lowest average μ is 1.58% when θG-BN approaches 0º, below the minimum μ of 1.62% in monolayer 

graphene and hBN. As θG-BN increases from 0º to 1º, the average μ rises 1.64% but remains below 1.8%. 

When θG-BN exceeds 1º, the average μ reaches 1.8%, close to the average μ obtained from pristine 

monolayer graphene and hBN. In this scenario, the graphene and hBN lattices do not interact.  

The difference in lattice constants between graphene and hBN is as low as 0.05 Å when μ is 1.8%. 

The transition on the graphene lattices is localized at the very small AB-stacked regions for decreased 

lattice mismatch. Moiré patterns take the role of magnification, which projects the interatomic 

interaction. Consequently, the image contrast slightly increases in regions of single atoms and decreases 

in the transition area between the AB- and BA- stacked regions. In other words, the area occupied by 

distinguishable single atoms increases, which provides evidence of decreased lattice mismatch from 

image simulations performed by MacTempas software (Figure 54).  

As the lattice variation is too small to distinguish in the AR-TEM imaging, the corresponding AR-

TEM images (Figure 48(b)) appear similar with the simulated images. However, small changes in μ 

become large morphological differences in the moiré fringes, which are reciprocally related to μ; thus, 

dgm and the width of the moiré fringes also become noticeable. 
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Several calculation studies have sought the reason for the transition to a commensurate state. G/hBN 

has different interaction energy between the layers and the in-plane elastic energy depending on the 

stacking configurations.57 These different energies alter the interlayer distances and strain distribution 

(Figure 37).76, 77, 81 Moiré fringes in AA-stacked regions are considered as the pivot points of the moiré 

fringes because Young’s modulus and adhesion energy are highest in these regions. Recently, moiré is 

twisted on a pivot around the AA-stacked regions in an analytical model of bilayer graphene at low 

twist angles.82 On the other hand, moiré fringes of this model exhibit local variation on their widths and 

corrugation around the AB-stacked regions with the lowest in-plane elastic energy. The low elastic 

energy triggers transformation on graphene lattices by stretching and local twisting and provokes the 

transition to commensurate state. 

The local morphology variation of the moiré fringes demonstrates that transition to the commensurate 

state occurs by decreasing lattice mismatch and twisting between the graphene and hBN in the AB-

stacked regions. The transition loses the hexagonal symmetry of G/hBN superstructures, generating a 

graphene band gap.83 Therefore, the moiré fringe TEM imaging analysis immediately reveals the 

relation between the local structural variation and electronic properties, even under low magnification. 

This provides an ingenious insight into the inconsistency between the experimental results and the 

theoretical research, namely the insufficient band gap opening on the graphene.74, 84 

 

3.6| Conclusion 

The moiré superstructures of G/hBN were comprehensively studied to demonstrate the relation 

between the stacking configurations and interlayer interactions through DF-TEM with SAED and lattice 

fringe analysis on the AR-TEM images. At low twist angles, uneven intensity between the AB and BA 

stacked regions provides evidence for losing their hexagonal symmetry on the moiré superstructures 

and moiré fringes depending on the stacking configurations such as widened and zigzagged morphology. 

These features present local twisting and decreasing of the lattice mismatch as the graphene lattices 

stretch in the AB-stacked regions; in other words, graphene lattices become similar to hBN lattices, and 

it indicates local transition from incommensurate to commensurate state at AB-stacked regions. Thus, 

this work provides insights into the spontaneous interactions between van der Waals 2D materials under 

free standing state, even under low magnification. To the best of my knowledge, my TEM work is the 

most comprehensive report to directly demonstrate the reduced lattice mismatch on G/hBN depending 

on the stacking configuration under not only microscale with moiré fringes but atomic scale with 

expansion of AB-stacked area. Furthermore, it can provide an inventive route to study van der Waals 

2D structures for understanding the outstanding electronic properties in detail. 
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PART 2. DEGRADATION MECHANISM OF LAYERED CATHODE 

MATERIALS IN LITHIUM ION BATTERIES 

Chapter 4: Cycling-Induced Microstructural Degradation on Cathode 

Materials 

4.1| Introduction 

Study on lithium ion batteries (LIBs) has been explosively intensive, which results from their high 

energy density and widespread applications.85, 86 LIB is mainly composed of cathode, anode, electrolytes, 

separator, and current collector. Cathode is the primary factor to determine the capacity, so it is 

important to avoid detrimental aspects of cathode together with anode such as side reaction with 

electrolytes and structural disordering of electrode materials. Among the various cathode materials, 

lithium transition metal oxides have been considered as promising cathode materials on account of their 

high energy density, which is attributed to the types of transition metals (TMs). LiNi1-x-yCoxMnyO2 

(NCM) is one candidate among the promising cathode materials due to its high capacity and cost 

effectiveness compared with LiCoO2 and its potential to adjust capacity depending on the relative ratio 

of different TM ions.87 Whereas, there still remain many issues for safety.88 LIBs have complex 

degradation mechanism such as detachment of active materials from the metal electrodes, formation of 

surface reconstruction layer, phase transformation, etc.  

 

Figure 56. A schematic of deterioration factors on cathode materials.89 

The microstructure of cathode materials is associated with capacity retention and cycle life of batteries 

significantly.90, 91 The cathode materials are spherical few micrometer-sized secondary particles 

composed of agglomerated submicron primary particles. Surface of the secondary particles surrounded 

by electrolytes undergoes dissolution of electrode-active materials92 and forms inert surface layer. 

Outermost areas of the primary particles are stoichiometrically instable owing to repeated diffusion of 
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lithium (Li) ions during the cycling. It provokes phase transformation 93-95 and pulverization 96, 97, which 

becomes exacerbated under accelerated C-rate 98 at elevated temperature owing to increase in extraction 

of Li from the structure.99 The phase transformation additionally evokes release of oxygen100, which 

leads to a reaction with flammable electrolytes and provokes swelling and explosion. 

In the case of nickel(Ni)-rich cathode materials, as the nickel content rises, the capacity becomes 

higher while the structural stability worsens. It results in a capacity deterioration and poor cycleability 

and makes commercialization difficult. The structural instability is caused by a migration of TM ions, 

especially Ni ions to Li sites. This migration can trigger phase transformation from layered (R3m) to 

spinel (Fd3m ) and rock-salt (Fm3m ) phase. 101-104 Manganese (Mn) and cobalt (Co) are added to 

improve the structural stability and cycleability. However, the inevitable lattice distortions at early 

electrochemical cycles and the oxidation state variation of TM ions have not been studied intensely with 

atomic resolution. A detailed investigation of the structural evolution at surface demonstrates the 

degradation mechanisms and provides insights into the surface modification such as coatings for 

enhancing the structural stability. Comprehensive TEM study can explain that the capacity fade and 

voltage decay are partially attributed to a structural reconstruction inducing a transition from the layered 

to spinel and/or rock-salt structures at the surface and/or in the bulk.  

In this chapter, I investigate the structural deterioration of LiNi0.6Co0.2Mn0.2O2 (NCM622) layered 

cathode materials through microstructural imaging analyses with aberration-corrected TEM/STEM and 

electronic structure analyses with EELS during the repeated cycling. 

 

4.2| TEM Specimen Preparation 

Characterization of cathode materials is needed to correlate microstructural changes with 

electrochemical performance in cycling tests. To study the microstructural changes in cathode materials 

with TEM, I prepared thin cross-sectional TEM specimens whose thickness was below 100 nm with a 

focused ion beam (FIB), FEI Quanta 3D FEG. TEM specimens of powdery materials are conventionally 

prepared by mechanical grinding105, dimpling106, electropolishing and jet polishing107. However, those 

are not appropriate for the cathode materials owing to poor site-specific milling, reaction with 

dispersion solution and risk of separation in the agglomeration. On the other hand, FIB is capable of 

milling and deposition at specific regions under vacuum, which reduces preparation time and side 

reaction and leads to great utilization in the device industry.108, 109 However, the porous materials with 

rough surfaces involve curtaining artifacts during milling owing to spatial variation of milling rates by 

gallium (Ga) ions.110 The Ga ions also penetrate into the internal pores and etch open edges of the 

primary particles actively due to faster milling rate of Ga at the defective regions.111 
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Figure 57. A schematic of specimen preparation procedure before FIB process. 

Moreover, the agglomerated NCM cathode materials become less dense by enlarging the pores and 

fissures during the electrochemical cycling, which makes more difficult to prepare thin TEM specimens 

using FIB. I propose a noble specimen preparation for high resolution TEM by embedding epoxy to fill 

in the micro pores. The embedded epoxy is able to retain the internal morphology of the particles and 

avoid ion-beam damage and contamination by covering the reactive outermost areas where the phase 

transformation is dominantly occurred (Figure 57).  

 

Figure 58. Cross sectional images of porous NCM prepared by FIB without epoxy from (a) to (c) and 

with epoxy from (d) to (f), respectively. 
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Figure 58(a) shows the dominantly damaged open edges and the etched active surfaces of the 

secondary particles during the FIB process. The open edges get larger and larger owing to the curtaining 

artifacts and they give rise to pores and fissures with serious bending and further perforation on the 

specimen even before performing fine thinning. A STEM HAADF images of in Figure 58(b) and (c) 

present the seriously contaminated NCM particles at the outermost areas, which hinders TEM 

investigation of the deteriorated NCM structures.  

On the other hand, the cross-sectional image in Figure 58(d) shows that the epoxy permeates fully 

into the few-micrometer-sized pores and few-nanometer-sized fissures between the primary particles. 

Compared to Figure 58(a), Figure 58(d) shows that the permeated epoxy retains the agglomeration of 

the primary particles without breaking of linkage and perforation between the particles during cross-

sectioning with FIB. Furthermore, thin TEM specimen in Figure 58(e) shows epoxy-filled 

agglomerated primary NCM particles and clean NCM-epoxy interfaces. The epoxy can penetrate into 

not only few-hundred nanometer-sized fissures but also few nanometer-sized ones, which indicates that 

epoxy plays an appropriate role of passivation on the reactive outer regions of the primary particles and 

protects the linkages between the primary particles. 

As a result, the prepared TEM specimens of NCM have clean interfaces with the permeated epoxy 

without contamination by Ga ions. It lets us observe readily gradual phase transformation from parent 

R3  to disordered cubic-like Fm3  phase at the outermost area ascribed to disordering between TM 

and Li slabs, which is a primary factor on the incremental irreversible capacity. 

 

4.3| Electrochemical-cycling-induced Structural Transformation  

In LIBs, overall cycling performance of the cell is gradually faded as increasing the number of 

electrochemical cycles. Figure 59 shows the charge-discharge capacity profile and capacity retention 

of NCM622. As the number of cycles increases, charge-discharge capacities decrease and the degree of 

capacity decay at early cycles from 1 to 5 cycles is more severe than that at latter cycles from 5 to 10 

cycles and from 10 to 50 cycles. In case of capacity retention, the degree of decrease at early cycles was 

also larger than that at the late cycles. To investigate the origin of capacity fade, the local structure 

variations were analyzed with STEM. At first, the primary particles at a low magnification were 

observed as shown in Figure 60. Continuous void expansion and generation of microcrack are evident 

along the boundaries between primary particles as the number of cycles increases. NCM622 underwent 

repeated anistropic expansion and contraction during the electrochemical cycles. During the charging 

process, Li ions are extracted from the lattices of layer-structured material accompanying with oxygen 
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by forming Li2O phase. This loss of Li and oxygen results in the lattice distortion and breakdown of 

layered structure.95, 104 

 

 

Figure 59. (a), (b) Electrochemical performance data of half cell as increase of the number of cycles. 

Capacity retention of full-cell for low cycles from 0 to 50 cycles at 0.5 C rate in (c) and for high cycles 

from 0 to 2500 cycles at 2 C rate in (d). Insets in (c) and (d) are corresponding charge-discharge 

capacities vs voltage profiles. All cycling performance was evaluated at 60 oC.112 

 

 

Figure 60. Low magnification cross-section images of LiNi0.6Co0.2Mn0.2O2 (NCM 622) cathode 

materials representing propagation of cracks and development of micro-sized voids between the 

primary particles as increase of the number of cycles (a) 0 cycle, (b) 10 cycles and (c) 2500 cycles.112 
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 4.3.1| Structural Transformation by Cation Mixing 

During the charging process (delithiation), Li ions are extracted from the layered structure and TM 

ions whose sizes are similar to Li ions can occupy the vacant Li sites to stabilize the structure. This 

phenomenon causes lattice distortion and nucleates phase transformation through growth of the spinel 

phase. During the discharge process (lithiation), the extracted Li ions return to their original sites, but 

partially migrated TM ions prevents Li ions from returning to their original positions. This phenomenon, 

cation mixing, increases the irreversible capacity and deteriorates the cycleability on account of the 

blocking of fast diffusion path of Li.113 It can be considered as the primary factor of capacity fade and 

voltage decay in lithium ion batteries (Figure 61). 

 

Figure 61. Structural transformation induced by cation mixing in nickel-rich cathode materials.114 

 

4.3.2| Change in Electron Diffraction from Layered to Disordered Structure 

For investigation on the structural evolution during electrochemical cycles, electron diffraction 

simulation was carried out with CrystalMaker and MacTempasX.  

 

Figure 62. A schematic of variation in the electron diffraction pattern associated with the degree of 

disordering between Li and Ni slabs.112  
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Figure 62 shows a basic structure of NCM622 as R3m (α-NaFeO2) in the repetitive order of TM (3b 

sites), O (6c sites), Li (3a sites), and O and corresponding experimental and simulated electron 

diffraction patterns for pristine and completely collapsed states at [100] zone axis. The meaning of the 

completely collapsed state is the fully delithiated condition in which the TM ions, especially Ni, whose 

ionic radius (+2 : 0.69 Å) is similar to that of Li (0.76 Å) occupy most of original Li sites. Other TM 

ions can also occupy Li sites, but the probability of occupancy for Ni ions is much larger than that for 

Mn and Co ions, so I only considered the case of occupancy for Ni ions. Recently, Yan et al. also 

confirmed that the cation mixing was mainly attributed to the migration of Ni ions through the EDX 

analysis. 115 As a result, the whole positions of diffraction spots were not changed, but the intensities of 

certain diffraction spots decreased and resulted in the decrease of the number of electron diffraction 

spots. The reduction in the number of diffraction spots is an indication of the formation of the high 

symmetry rock salt phase of Fm-3m.101 The graph represent intensity variation of the electron 

diffraction spots related with that of (014) in accordance with the ratio that Ni2+ ions occupy the Li sites, 

which is simulated by CrystalMaker. It denotes significant decline of the (003) peak intensity, which 

means random distribution of cations on the 3a (Li) and 3b (Ni) sites of the R-3m. Therefore, the 

intensity variation of (003) diffraction peak is a characteristic of the cation ordering.116 In XRD analysis, 

the value of I003/I104 corresponds to the degree of cation ordering, so its low value can be interpreted as 

a non-uniform cation ordering from high cation mixing between octahedral layers.95, 116, 117  

 

Figure 63. Simulated intensity variations of electron diffraction spots using MacTempasX.112 

Another simulation was conducted to confirm that the change in (003) reflection sets' peak intensities 

resulted from the collapsed layered structure with MacTempasX (Figure 63). The above partially 

collapsed structure means that 2/3 Li sites are substituted with nickel (Ni). The table shows that the 

relative intensity ratio of partially collapsed structure to perfect structure. After (014) was set as standard 

intensity, I took the relative intensity ratio of electron diffraction spots like I(003)/I(014) about each 

structure and thickness. And then, the relative ratio of partial to perfect structure was taken to represent 

the decrease in intensities of (003) reflection sets. For example, the ratio of (003) in partially collapsed 
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structure has 68.53 % in 10 nm and 19.11 % in 30 nm compared with 100 % in perfect structure. It 

means the intensity of (003) in partial decreases about 32 % in 10 nm and 81 % in 30 nm owing to the 

structural degradation. In order to rule out the change in the intensity of (104), I attached its variation 

in accordance with the structure at each thickness. In spite of increase in (014) intensity from perfect to 

partial structure, (003) reflection sets represented decrease of their intensities. Therefore, the tendency 

of decease in (003) reflection sets' intensities at 10 nm and 30 nm could proves that the intensity 

variation in (003) reflection sets is an evidence of the structural degradation. 

 

Figure 64. Electron diffraction patterns of NCM 622 (a) in interior and (b) in surface region of the 

primary particle. (c) Bright field TEM and (d) DF-TEM image corresponding to the (003) peak.112 

 

In order to demonstrate that the (003) peak is crucial to do investigation of the structural degradation 

under not only simulation but also experimental analysis, selected area electron diffraction pattern 

(SAED) and DF-TEM technique were performed on NCM622 (Figure 64). There is a big difference in 

(003) peak between strong intensity of interior region and weak intensity of surface region. At the 

interior region, the electron diffraction pattern indicates rhombohedral structure (R3m) at the [100] 

zone axis. The crucial (003) peak, which determines the cation ordering, shows strong intensity, which 

well matches with electron diffraction simulation. But in the vicinity of the surface region, it has much 

dimmer intensity. This can be interpreted as non-uniform cation ordering and the collapse of layered 

structure. To directly show that (003) peak is crucial for structural degradation in a real image, the DF-

TEM technique was applied. DF-TEM images are mainly formed by the contribution of a selected 

diffracted beam, not by a directly transmitted beam, so its contrast has an inversion of the bright field 

TEM (BF-TEM) image. The dark intensity at the surface region indicated by the yellow dashed line in 

the BF-TEM image represents that the surface region is composed of cathode materials. Unlike the BF-

TEM image, the DF-TEM image taken from the (003) diffraction does not have a bright intensity at the 

surface region marked as a yellow dashed line, which corresponds to the absence of (003) diffraction 

in Figure 64(d). In other words, this indicates non-uniform cation ordering and the collapse of the 

layered structure at the surface region.  
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Figure 65. EDS elemental maps of Ni, Co, Mn, and O.112 

 

Energy dispersive spectroscopy (EDS) elemental maps combined with BF & DFTEM images at a low 

magnification shows that the edge region is composed of NCM622 as shown in BF image and EDS 

map. But in the DF-TEM image taken at (003) peak, the edge region has no intensity, which can be 

interpreted as a collapse of cation ordering and layered structure at the surface region. 

 

 

Figure 66. Electron diffraction patterns of NCM 622 after 10 cycles at (a) diffraction pattern survey 

image. (b) Well-ordered rhombohedral phase (c) Disordered structure toward spinel-like phase.112 

 

It is known that the layered cathode materials are thermodynamically prone to transformation into the 

spinel phase when the Li content is reduced about 60% from the original Li content in the layered 

structure.118 As the number of cycles increases, the Li content in surface region is reduced more and 

more and triggers phase transformation from the layered (R3m) to the spinel structure (Fd3m).104 

Figure 66 represents coexistence of rhombohedral and spinel phase. There are additional spot arrays 

between rhombohedral electron diffraction coming from the phase transition to the spinel phase. 

Therefore, the DF-TEM technique can be utilized effectively to verify localized microstructural changes 

at the surface region even if a low magnification. 
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4.3.3| Dominant Microstructural Deterioration at the Interface with Electrolytes 

To investigate microstructure in detail, HRTEM image analysis was performed. HRTEM/STEM 

imaging analyses and EELS were carried out using a probe Cs corrected JEM-2100F at 200kV. Among 

many of primary particles in cross section of secondary particles, I mainly chose ones at the outermost 

of secondary particles contacted with the electrolytes and participating in electrochemical performance 

during cycles. Figure 67 shows an HRTEM image after 5 cycled at surface region where directly in 

contact with electrolytes. It is reseparated to three areas in accordance with structural degradation with 

the corresponding digital diffractograms (FFTs). It appears that the structural degradation is locally 

concentrated on the surface region and it is much more severe toward the interface with electrolytes. In 

the FFT results, both (003) and (006) reflections sets have bright intensities in the interior region, 

whereas only (006) reflection sets are bright at the surface region whose intensities change very little 

with microstructural changes. The (003) reflection sets which are indexed as red became dimmer from 

the interior to the near surface region. It indicates a random distribution in the 3a (Li) and 3b (TM) sites 

of the LiTMO2 (R3 ̅m) structure. The first FFT and corresponding region 1 (yellow region) represent 

well-ordering layered structure of R-3m. But the second FFT and corresponding region 2 (green region) 

show a coherent interface between the surface and the interior region, which indicates the presence of 

a partially collapsed structure resulted from the partial occupancy of Ni ions in Li sites. The last FFT in 

region 3 has no intensities of (003) reflection sets, so it can be interpreted as having a close to fully 

collapsed structure and a starting point for phase transformation from rhombohedral to spinel structure. 

 

Figure 67. A HRTEM image with corresponding FFTs representing gradual structural degradation in 

NCM622 after 5 cycled.112  
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Figure 68. HRTEM images for phase transformation from rhombohedral to spinel phase in NCM622. 

If phase transformation to spinel phase has occurred, new diffracted reflections appear, which 

indicated by blue circles (Figure 68). They are consistent with the SAED results in Figure 66(c). 

Moreover, HRTEM/STEM images also represent coherent growth of the spinel on the layered structure 

by phase transformation due to repetition of electrochemical cycles. 

 

Figure 69. HRSTEM analysis of structural degradation of NCM622 after 10 cycled.112 
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 While bright field imaging in STEM mode features dark contrast at the surface region caused possibly 

by small differences in crystallographic orientation or composition, HAADF imaging characterizes Z-

contrast dependence (approximately Z2 dependence, Z means the average atomic number of an atomic 

column), so the bright contrast in HAADF dominantly result from the heavier atomic columns (Figure 

69).119 HAADF image shows a much brighter intensity at the surface region. The inset is a colorized 

image to show clearly the contrast gradient, which means heavier atoms are segregated at the surface 

region.120 The contrast difference at the surface region can be observed in a high resolution HAADF 

image. The red-overlaid atomic columns are of heavier atomic columns consisted of TM slabs. Since 

Li is a light element, its atomic columns have no visible contrast in the HAADF imaging. But at the 

surface region, the contrast between Li slabs becomes brighter, which can be interpreted as not from 

the Li, and instead from other heavier TM atoms. The below high-resolution images also show gradual 

structural degradation with their corresponding FFTs. This phenomenon results from selective 

disordering between Li and TM ions at certain surface regions and grain boundaries to stabilize the 

structure. It could increase the irreversible capacity and the capacity fade by blocking the fast diffusion 

path of Li ions, caused by the formation of insulating layers as transition metal oxide at the surface. 

 

 4.3.4| Determination of Structural Deterioration Induced by Repeated Electrochemical Cycling 

Based on HRTEM/STEM imaging analysis, the microstructural degradation especially at the surface 

was analyzed further.  

 

Figure 70. A graph of depth of disorder at the surface of the NCM 622 as a function of cycles.112 

The degree of structural degradation is analyzed according to the number of cycles and correlated with 

the drastic decline of capacity retention and capacity fade (Figure 59). At the early cycling stage, the 

structural degradation is concentrated on the surface regions. Thus approximately 100 different surface 

regions per cycle were analyzed to get statistical results. For high reliability of statistic results, I only 

selected interface regions directly in contact with electrolytes where most primary particles participate 

in electrochemical performance, so it is appropriate to correlate structural degradation with 
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electrochemical performance at the early cycles. But, chemical reaction with electrolytes leads to 

formation of large inevitable degradation depth in non-cycled pristine cathode materials about 10 nm. 

As the number of cycles increases, the average depth of degraded structure increases. The large standard 

deviation results from anisotropic characteristic of surface reconstruction, which predominantly occurs 

along Li diffusion layers.118 Judging from the results in the graph of Figure 70, the degree of disordering 

is especially severe at the early cycling state from pristine to 1 cycle. Figure 59 (c) and (d) also present 

that the capacity retention and charge - discharge capacity fade at the early charge - discharge process 

is more severe than that at latter cycling states. Thus, the degradation depth can be considered as one 

major factor on the capacity and voltage fade at early cycles. 

 

4.4| EELS Analysis of Change in Oxidation States of Transition Metals Ions After 1st Electrochemical 

Cycling 

Compositional analyses of EELS are sensitive to small change of 3d orbital occupancy of TM, so 

EELS can explain the alternation of electronic properties of NCM622 resulted from microstructural 

changes if it is difficult to be observed with imaging analysis at the early cycling stage. TM L-edge 

comes from the dipoles of allowed transitions from a 2p orbital to an unoccupied 3d orbital. The L3/L2 

intensity ratio of the TMs increases between 3d0 and 3d5 and decreases between 3d5 and 3d10, so it can 

be utilized to estimate the oxidation state indirectly.121-125 For example, in case of Fe whose 3d 

occupancy is 3d6, if the white line ratio increases, it can be described as that it is oxidized from large 

3d occupancy as a low oxidation state like +2 to small 3d occupancy as a high state like +3. But the 

change of oxidation state accompanies a peak shift moving to higher energy loss if the oxidation state 

is changed to a higher state.122, 126 

For EELS study, it is necessary to get the high energy resolution to resolve the O K-edge and TM (Ni, 

Mn, and Co) L-edges and to investigate the fine edge structures, which was about 0.9 eV in my 

experimental condition. The intensity of Mn L3 edge decreased from the surface to the interior region 

and its peak showed blue shift as shown in Figure 71 (b) and (d). The L3/L2 intensity ratio calculated 

by the Pearson method (method 2) increased from 2.41 at the interior (green) to 3.96 at the surface (red) 

region and the ratio calculated by the maximum intensity method (method 1) also represented an 

increase. The increase of the L3/L2 intensity ratio can be interpreted as having lower oxidation states at 

the surface region. The oxidation state of Mn can be estimated from the +2 at surface region to nearly 

+4 at the interior region.127-129  

In contrast to Mn, intensity of Ni L3 edge decreased from the interior to the surface, but there is no 

significant peak shift. But, the L3/L2 intensity ratio decreased from 3.88 in the interior to 3.0 in the 
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surface region. From the change of ratio, it appears that Ni oxidation state is reduced slightly from high 

valence to low valence state as close to surface region.130 

 The intensity of prepeak of O K-edge measures the transition from O 1s to O 2p - TM 3d hybridized 

state, so it is indicative of the number of unoccupied states projected at the O atom. The O-K onset 

energy also has a relationship with TM oxidation state like that it shifted to low energy as TM oxidation 

state increases.122, 131 In other words, it is sensitive to the oxidation states of TM ions, so it can be used 

to estimate the average oxidation states of TM ions. In my results, intensity of this peak decreased by 

accompanying with the shift of the O-K onset energy to high energy loss toward surface region so the 

average oxidation states of TM decrease.132 

 

Figure 71. EELS analysis of NCM622 after 1st cycling. (a) A survey image indicating that direction 

from red to green rectangle is related with that from surface to interior region. (b) Stacked EEL spectra 

corresponding to the selected areas in (a). (c) Stacked EEL spectra of oxygen K edges and L3 and L2 

edges of Mn and of Ni (d) Information on EEL spectra associated with L3 and L2 edges of TMs for Mn 

and Ni. (e) Quantification results of O, Mn, Co, and Ni as relative ratio.112 
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The general oxidation state of Ni is +2, that of Co is +3, and that of Mn is +4 with partial distributions 

of Ni3+ and Mn3+ ions in LiNi1-x-yCoxMnyO2 cathode materials.133 The +2 oxidation state in Ni is very 

stable and it can cause cation mixing easily. To account for a relation of local stoichiometric instability 

with structural transformation after cycled, the EELS quantification was performed based on the 

Hartree-Slater cross-section model and the background subtraction was based on the power-law. It 

appears that the relative areal density of O K edges between selected areas and the relative ratio between 

Co and O increase from the surface to the interior region. This compositional variation appears to be 

from chemical reaction with electrolytes during electrochemical cycling. This chemical reaction at the 

interface can accelerate oxygen loss by forming Li2O phase and develop delithiation at the surface 

region. This phenomenon leads to the migration of Ni+2 ions to vacant Li sites by forming more vacant 

Li sites. It could be clarified with that the relative composition between Ni and O. The red region 

(surface) was larger than the blue region in spite of less thick. 

 The increase in the degree of delithiation affects the 3d occupancy in lithium transition metal oxide.103 

Graetz et al. explained the relation that 3d occupancy decreases from 7 to nearly 6.7 as an increase of 

delithiation in Li1-xNi0.8Co0.2O2.124 In other words, the decrease of 3d occupancy makes an increase in 

the L3/L2 intensity ratio in case of Ni. In my results, there was the large change in the L3/L2 intensity 

ratio from 4.73 in blue to 3.0 in red region. The decrease of the ratio in Ni is described as the increase 

of 3d occupancy, which means reduction. But there is no significant peak shift closely related with 

change in chemical state. It appears that the reason is from the cation mixing. The cation mixing is 

mainly from the migration of Ni2+ ions to Li sites, not mainly from the change of oxidation states from 

oxidization or reduction. 

 Thus, the chemical state of Ni is not changed and maintain as +2 even though the composition and the 

white line ratio of Ni are changed due to cation mixing. To compensate the instability of stoichiometry 

due to the movement of Ni+2 ions, the oxidation states of Mn are changed; the increase of L3/L2 intensity 

ratio and the blue shift toward surface region are indicative to lower oxidation state as close to +2. The 

change of oxidation states of Mn is also supported by the change of prepeak of O-K edge. There are no 

evident intensities of prepeak of O-K edge at red and blue region. But green region represents striking 

intensity, which is interpreted as that this region has the higher oxidation states. Thus, the intensity of 

prepeak of O-K edge is much more correlated with Mn's oxidation state even though the proportion of 

Ni as 60% is much larger than that of Mn as 20%.  

 EELS results let us know that Li deficiency in surface region of NCM primary particles is not solely 

dependent on the Ni. Other TMs, especially Mn also have gradient of oxidation state, which is affected 

by the non-uniform Li distribution. Localized concentration of Ni2+ ions at the surface region makes 3d 

occupancy change and results in a change of the white line ratio in spite of no significant peak shift. 

This concentration causes a structural instability due to the increase of non-stoichiometry. To 
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compensate for it, Mn ions change their oxidation states and this can be observed by peak shift and the 

change of the L3/L2 intensity ratio. Therefore, the changes in electronic structures are largely associated 

with the lattice reconstruction which is from collapse of layered structure and transformation to the 

spinel structure. 

 

4.5| Conclusion 

In summary, the degradation mechanism of NCM622 cathode materials is investigated by electron 

diffraction simulation, microstructural imaging and spectroscopic analyses with aberration-corrected 

TEM/STEM. The (003) peak intensity decreases at the surface region where structural evolution is 

dominant. Larger Li vacancy formations at the surface promote movement of Ni ions, which occupies 

vacant Li sites and results in the disordering of layered structure. The structural degradation is 

accelerated with the increase of the number of cycles and triggers phase transformation from 

rhombohedral to spinel phase. The average degree of structural degradation at early cycling state is 

much more severe than that at latter cycling and it can be correlated with the rapid decline of charge - 

discharge capacity and of capacity retention. HAADF STEM images can show the selective segregation 

of TM ions at the surface region clearly and represent microstructural evolution from high resolution 

lattice imaging. Through the spectroscopic analyses with EELS, the local microstructural change leads 

to alternation of the oxidation states of TMs. Local enrichment of Ni2+ ions at the surface region 

develops the stoichiometric instability, so as to compensate for it, the oxidation states of Mn is changed 

from +4 to near to +2. The present microstructural study of TEM analysis provides a fundamental 

understanding of structural and chemical evolution affecting the electrochemical behavior of LIB 

cathodes as well as an insight to surface engineering. 

 



64 

 

Chapter 5: Reaction Between Electrode Materials and Electrolytes 

5.1| Introduction 

Electrolytes take a role of medium for Li diffusion mostly as a liquid phase. It is potentially flammable 

under certain abuse conditions.134 Parasitic reaction with electrolytes leads to inferior surface stability 

of the electrode by structural transformation in conjunction with loss of oxygen and volumetric 

expansion, which is particularly severe at elevated temperatures. Oxidative decomposition of 

electrolytes on the surface of electrode brings about high capacity loss and poor cycling ability. The 

surface reconstruction, on the other hand, suppresses further structural degradation and hinders 

electrolytes decomposition.135 In this chapter, I study the reaction between electrolytes and cathode 

materials and also the effect of the types of electrolyte additives on microstructural transformation of 

cathode materials using TEM/STEM. 

 

5.2| Reaction Between Electrolytes and Cathode Materials 

 In LIBs, Li ions move between cathode and anode through the ionic liquid-based electrolytes during 

electrochemical cycling. There are parasitic reactions between the electrode and the electrolytes 

inevitably, which is responsible for ageing in LIBs. For example, solid electrolyte interphase (SEI) and 

solid permeable interface (SPI) is formed on the surface of the anode and cathode by the side reaction 

with electrolytes, respectively. They take a role of protecting electrode decomposition, whereas, they 

bring about high capacity loss and deteriorating long-term cyclability. In order to overcome drawbacks 

for safety and irreversible capacity, electrolyte additives are currently suggested and become an 

important research owing to high economic efficiency.136  

  

Figure 72. Parasitic reactions between electrode and electrolytes for ageing in LIBs.91 
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Among the various electrolyte additives, propane sultone (PS) is a well-known additive that improves 

the long-term cycling performance of Li-rich cathode materials. Another additive as vinylene carbonate 

(VC) forms a very thin film on the electrode’s surface to inhibit solvent decomposition and reduce the 

resistance of the battery cell. On the other hand, it has not been intensively established to investigate 

how to deteriorate the microstructure of cathode materials depending on the types of the electrolyte 

additives. The purpose of this chapter is to examine and compare the electrolyte additives in terms of 

the structural transformation of cathode materials. 

 

5.3| Dependence of Additives in Electrolytes on Microstructural Deterioration of Cathode Materials 

 

Figure 73. (a) The charge and discharge capacities and (b) capacity retention of LiNi0.7Co0.2Mn0.1O2 

(NCM 721) in accordance with the electrolyte additives; blue, red and green is for without additives, 

2% PS and 2% VC, respectively. 

 

Figure 73 shows different electrochemical performances of NCM 721/graphite full cell system, 

depending on the types of the electrolyte additives as a function of the number of charge-discharge 

cycling. LiNi0.7Co0.2Mn0.1O2 (NCM 721) with 2% propane sultone (PS) shows the highest charge and 

discharge capacity and the best capacity retention; 382.05 mAh, 381.40 mAh, and 93 % respectively 

(red lines). On the other hand, NCM 721 with 2% VC (VC) shows inferior ones; 347.08 mAh, 346.42 

mAh, 90% respectively (green lines). NCM 721 without the additives (None) shows the most inferior 

cycling performances; 345.45 mAh, 344.89 mAh, and 87% respectively (blue lines). The present 

electrochemical performances of NCM 721/graphite full cell system are in good agreement with the 

NCM 622/graphite full cell system depending on the types of the electrolyte additives.137 Sulfone-type 

additives enhance surface stability by forming a passivation film on the surface of the Ni-rich cathode 
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materials, as a result, they suppress swelling and metal dissolution in conjunction with a loss of oxygen. 

It means that PS is appropriate to control the surface properties of NCM-based cathode materials by 

inhibiting electrolyte decomposition and improving the surface stability, which directly influences the 

interface characteristics of the battery system. 

To examine the impact of the electrolyte additives on the morphology and microstructure of the NCM 

721, the cycled NCM 721/graphite pouch cells were dismantled and washed, and then, cross-sectioning 

was carried out using FIB.  

 

Figure 74. The different morphologies and cross-section of the secondary particles of NCM 721 

depending on the types of electrolyte additives after 100th cycled. 

 

Figure 74 represents different morphologies of NCM 721 depending on the types of the electrolyte 

additives after 100th cycled. None shows fragmented secondary particles in part, but some of them 

maintains their spherical morphology. The cross-sectioned image shows submicron pores and few-

nanometer-sized fissures between the primary particles and outward propagation of the fissures. 

In the case of VC, fragmentation is significantly suppressed without exposing the inner secondary 

particles. The cross-section of the VC displays the low density of the fissures and cracks, whereas, high 

density of the nano- pores between primary particles, which indicates weak volumetric changes in the 

primary particles.  
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PS experiences serious morphological changes in the primary and secondary particles, whereas, it has 

the best capacity retention and the highest charge-discharge capacities. Most of the secondary particles 

lose their spherical morphology and agglomeration are significantly collapsed with severe 

fragmentation, which leads to exposing the primary particles resided in the interior of the secondary 

particles to reactive electrolytes. Even though the secondary particles keep their spherical morphology, 

there are micro-cracks on the surface and also on the cross-section of the secondary particles. The high 

density of the cracks in the secondary particles indicates that the cracks have synergistic effects on the 

fragmentation of the primary particles.138 

Crack generation and fragmentation have been intensively attracted to demonstrate the degradation 

mechanism with respect to capacity fading and irreversible capacity during repeated electrochemical 

cycling. Fragmentation has been considered as a primary factor by disconnecting the Li paths between 

the primary particles. It leads to increases in the rate of heat generation, the irreversible capacity and 

thermal instability, and a decrease in the rate capability.138 Interestingly, this approach is in contrast to 

my experimental results. HR-TEM is appropriate to investigate the microstructural phase 

transformation and the mechanism of crack formation. 

 

Figure 75. HRTEM characterization of NCM 721 with VC in electrolytes. 

In the case of VC, there are few fissures and cracks between primary particles caused by lattice 

breathing and electrochemical fatigue below 500 nm (Figure 74). The SAED pattern analysis was 

conducted at the outermost of the primary particle (Figure 75). As microstructural ordering is 
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deteriorated, the (003) diffracted reflection becomes dimmer which is indicative of structural 

disordering.112 VC shows the bright intensity of the (003) diffracted reflection, which indicates well-

ordered layered structure along the [210] zone axis. On the other hand, a HRTEM image of primary 

particles shows coherent interface between crystalline and severely amorphous area. The magenta line 

is grain boundaries where the electrolyte could permeate and react with inside primary particles by 

forming reactive surface area. The dominant amorphization at the grain boundaries appears to result 

from the reaction with electrolytes. The crystalline area also shows seriously deteriorated phase by 

intermixing between Li and TM ions.  

 

 

Figure 76. Generated intragranular cracks in NCM 721 with PS and none. 

PS shows many fissures and cracks between primary particles and so do none at some regions (Figure 

74). The cracks disconnect the Li paths and exert a synergistic effect on fragmentation of the secondary 

particles. On the contrary, it could give a direct path where the electrolytes react with the active NCM 

721, in other words, it expands the reactive surface area.139 To account for the origin of the cracks in 

terms of electrochemical-cycling induced microstructural transformation, crack characterization was 

conducted using HRSTEM. 

Interestingly, intragranular cracks appear from the outside region in the primary particles and there is 

no amorphous region. It appears that the cracks are similar to twin boundaries with incoherent mirror 

planes. In addition, the primary particle maintains rhombohedral structures as R3   even at the 
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primary particles resided on the outermost of the secondary particles with weak lattice breathing. If the 

strain generated during repeated charge-discharge process cannot be compensated through the structural 

transformation from R3  to spinel-like and cubic, the links between primary particles are weakened, 

which should expand the gaps between primary particles and generate intragranular cracks, then, it leads 

to fragmentation of secondary particles.  

In the case of olivine structure of the LiFePO4, twin-like phase boundaries are generated at the interface 

LiFePO4/FePO4 caused by the internal high strain due to lattice breathing, in other words, 

inhomogeneous volumetric change during lithium extraction/insertion process in the particles140. 

Dislocations generated during synthesis also become active and take a role of a premature crack during 

cycling.  

 

5.4| Conclusion 

The additives in electrolyte impact microstructural transformation of NCM 721 cathode materials 

significantly. After 100th electrochemical cycling, PS seriously fragments the secondary particles and 

generates serious fissures and cracks between primary particles, on the other hand, it shows the best 

cycling performance. PS maintains rhombohedral structures as R3m  even at the primary particles 

resided on the outermost of the secondary particles. Whereas, VC shows less fissures, on the other hand, 

serious amorphization caused by a reaction with electrolytes. Although it is needed to study on the 

unique feature of intragranular crack further, in view of the results so far, it is deduced in a 

straightforward manner that maintaining original layered structure is much important in the aspect of 

electrochemical performance, even though the cracks are generated inside and they lead to 

fragmentation of agglomerated cathode secondary particles. If the fragmented particles maintain their 

original structure, it could take part in electrochemical cycling and leads to better performance. 
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Chapter 6. Concluding Remarks 

This thesis aims to study the local structural transformation in layered materials from low-dimensional 

to bulk materials through TEM based analyses. The layered materials compacted by weak van der Waals 

interaction are easy to interact with other elements by intercalation and to experience the structural 

transformation. In addition, the periodic layer-by-layer assembly makes the locally transformed 

structure light up, which facilitates TEM characterization. A classical analytic TEM technique of dark-

field imaging enables the investigation on 

structural and chemical evolution, the local 

structural transformation of low dimensional 

materials, and the local phase transformation on 

bulk layered materials, from a few nanometers to 

micrometer scale. The development of aberration 

correctors with monochromator enhances 

imaging resolution and energy resolution 

respectively at the low accelerating voltage 

below 80 kV. It makes it possible to study the 

local structural transformation at the few-nm 

region. 

 In the field of low-dimensional layered materials in part 1, I provided studies on the structural 

evolution of graphene oxides and a multilayer graphene system by heat treatment at first. The imaging 

analyses of DF-TEM and AR-TEM with spectroscopic analysis of EELS demonstrate that they 

experienced the carbonization and graphitization and transformed into well-compacted hexagonal-

lattice-layer stacking by reorganizing their lattices and bonding configurations. The transformed 

materials are composed of stacked homogeneous layers. On the other hand, the heterostructure of 

stacked different layers produces extraordinary properties far beyond individual layers owing to the 

different interatomic interaction between stacked layers, which leads the study on the local transition to 

the commensurate state through the moiré structure analysis on a two-dimensional van der Waals 

superstructure of graphene on hBN. The moiré fringes exhibit local structural variation, suggesting that 

the interaction between graphene and hBN depends on the stacking configuration and twist angle 

between stacked graphene and hBN. The different interaction leads to the local transition to the 

commensurate state through the reduced crystalline mismatch by lattice stretching and twisting on the 

graphene lattices.  

In the field of bulk layered materials in part 2, I have studied on the degradation mechanism of cathode 
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materials depending on the repeated electrochemical cycling and the types of electrolyte additives with 

developing a method of TEM specimen preparation. Deficient lithium in the outermost regions of 

cathode materials provokes the cation mixing during the delithiation, which is serious at initial cycling. 

The induced stoichiometric instability changes manganese’s oxidation states significantly despite its 

low proportion in comparison with nickel. In addition, the electrolyte additives make a huge difference 

in structural deterioration of cathode materials. In the view of the crack formation, if the fragmented 

agglomeration of cathode particles maintains its original structure, it should take part in electrochemical 

cycling and lead to better the cycling performance, when comparing non-fragmented one with thick 

surface layers formed by structural transformation. 

To sum up, the framework provided by this thesis suggests how to apply the conventional and state-

of-the-art analytic TEM techniques to the study on fundamental understanding on structural 

transformation and invents a method how to explore the interaction between stacked van der Waals 

layers, which results in intriguing properties far beyond individual layers.
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