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Abstract

Abnormal Cracking of Layered LiCoO2

Particle during Extreme Lithium Extraction

Juhyun Oh

Department of Materials Science and Engineering

The Graduate School

Seoul National University

Lithium-ion batteries are widely used for portable electronics by virtue of its high 

energy density. Even higher energy density is required for electric vehicle or energy 

storage system. This pursuit for higher density has been brought safety issues because

chain explosion can be triggered by a single cell of malfunction in such high-capacity 

batteries consist of a bunch of cells.

Particularly, overcharge, which means charging more than a normal charging 

range, is one of the major sources threatening the safety. The riskiness of overcharge 

process is explained of thermal runaway, a vicious cycle in which the heating and the 

exothermic acceleration are repeated. Even if not operating in high voltage, local 

overcharge may occur because of uneven state of charge. In order to understand the 

overcharge mechanism and prevent the overcharge risk, we conducted an overcharge

study in the ideal case.
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Lithium cobalt oxide (LCO) with chemical formula LiCoO2 is the most common 

cathode material for a lithium-ion battery. But compared to the well-known 

electrochemical process of LCO in a normal operation range, knowledge of the 

overcharge process is still limited and superficial. In this study, we investigated the 

structural change in LCO during extreme extra lithium extraction, i.e. overcharging, to 

reveal the irreversible reaction mechanism and to suggest the approach to improve the 

safety of LCO. For the comparative analysis, samples under pristine cell, normal 

charge (4.4 V) and overcharge (6 V) conditions were examined with transmission 

electron microscopy (TEM).

As a result, we found unreported damage occurred during overcharge and these 

irreversible change includes abnormal crack which has a shape of wedge form. Firstly, 

we confirmed that the cracking had arisen in the middle portion of the sample where a 

small amount of lithium remains. In particular, slab spacing of the structure shows 

difference up to 10 % whether to have remaining lithium. Accordingly, we insist that 

strain induced of uneven lattice shrinkage is the main cause of the crack. Also, the 

angle between the wedge and the original layer matched with a specific angle. Finally, 

from the other region in which none of the lithium remains, cobalt oxide phases were 

found in form of Co2O3 and Co3O4. This indicates that extreme lithium extraction 

results in instability of Lix~0CoO2 structure, i.e., making cobalt oxide slab to face 

directly oxygen to oxygen without the lithium layer.

Here we suggest that residual lithium inside the particle result in irreversible 
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structural change, as well as abnormal crack we found, during overcharge.

Furthermore, these experimental results lead us to reveal the relationship between 

these microscopic cracking of intriguing shape and the actual battery performance. We 

also hope that a deeper understanding of the overcharge mechanism will increase 

available capacity and improve battery safety. In addition, our research in atomic scale 

studies on electrochemical reactions will contribute to a more detailed knowledge of 

battery charge-discharge mechanisms.

--------------------------------------------------------------------------------------------------------

Keywords: Lithium-ion battery, overcharge, transmission electron microscopy (TEM), 

lithium cobalt oxide (LCO), crack.

Student Number: 2016 - 26794
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Chapter 1. Introduction

1. 1. Thesis overview

Nowadays the use of lithium-ion batteries is widespread throughout the industry as a 

useful energy source. Above all, portable electronic devices, energy storage systems,

and electric vehicles are the main application area owing to the high energy density of 

lithium-ion batteries [1, 2]. But as the technology in the related field develops to the 

commercialization stage, the performance required for a lithium-ion battery also rises

more than the current level [1]. For massive systems which needs large capacity such 

as electric vehicles, it is needed to have higher power and higher energy density. So

the technology development of lithium-ion batteries has also been focused on those 

factors [2].

However, excessive competition to raise the energy density has led to 

underestimating other major factors including safety, stability, and cycle performance. 

Moreover, there were several ignition incidents of lithium-ion battery in operation [3].

These unexpected events provoked outstanding concern for the safety of lithium-ion 

batteries. It is true that lithium is a dangerous material which can combust in the air 

with explosive reaction with water. In particular, large capacity batteries that stack 

multiple cells are exposed to greater risk as the malfunction of a single cell can lead to 

whole cell ignition by trigger effect. Therefore, we have to ensure the safety 
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thoroughly and prevent the danger.

There are various reasons to catch fire in a lithium-ion battery. Overcharge, which 

is charging it beyond normal charge range, is one of the main cause reported [3, 4].

The ignition process due to overcharge is explained as thermal runaway, the vicious 

cycle of exothermic reaction [3, 4]. Thermal runaway begins with heat release caused 

by Joule heating or electrolysis inside the cell. Then, consequential temperature 

increase accelerates the exothermal reaction recurrently. Finally, its outgassing caused 

by degradation leads to excessive volume expansion and even burn out due to air 

exposure. Thus, it is important to understand the mechanism of the cell in high voltage 

condition.

A lithium-ion battery is mainly composed of cathode, anode, separator, and 

electrolyte. Among them, the cathode is known to be crucial for thermal response 

during overcharge than any other part [4]. In other words, decomposition of their 

oxide chemistry, a common structure of lithium-ion battery cathode, plays a critical 

role in heating because overcharge causes high voltage condition and excess lithium 

extraction.

Lithium cobalt oxide (LCO) is most commonly used cathode material for a 

commercial lithium-ion battery. It has layered oxide structure allowing interlayer 

lithium to move within/without during discharge/charge process [5]. While its 

electrochemical mechanism in the normal range is well understood [1, 5], relatively 
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few studies on overcharge have been conducted superficially [3, 6, 7]. Above all, 

atomic scale studies of detailed mechanisms are particularly lacking.

Transmission electron microscopy (TEM) is an effective tool by virtue of its 

atomic resolution. Structural and chemical analyses performed in nano-scale are the

main strength of TEM. And understanding the structural and chemical changes is 

important in electrochemistry. For that reason, it enables to research atomic scale 

electrochemistry efficiently. Additionally, sub-angstrom resolution of scanning 

transmission electron microscopy was induced in the early 2000s by the aid of 

aberration corrector. Bringing in practice, there was a direct investigation, in 2012, of 

LCO atomic structure in normal charge range [8].

In this study, we conducted a detailed study of the overcharge effect on LCO, 

commercial cathode material by TEM. We expect our experiments to give 

fundamental knowledge on overcharge. Also, research on overcharge will result in an 

increase of practical capacity by widening the practical range of operation [1].
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1. 2. Lithium cobalt oxide

LCO is known to have a structure of space group R-3m. Its hexagonal lattice consists 

of two-dimensional layers, cobalt oxide slab, and lithium slab, alternately. As Figure 

1.1 shows, there are O-Co-O-Li-O stacking along the c-axis. In other words, oxygen 

has a distorted face-centered cubic framework while keeping lithium and cobalt in the 

octahedral site coordinated by oxygen [1]. O3 also refers to structural regularity in that 

the cobalt oxide octahedra repeats every three layers along the c-axis [1].

The charging process is explained by lithium extraction in the cathode and lithium 

insertion in the anode. As LCO is delithiated, intercalary lithium moves out toward the 

anode.

������ → ��������� + ���� + ���	(1.1)

It is known that the above reaction is reversible only when x is smaller than one half

[1]. It means half of the lithium is none of the use in the normal charge range.

Therefore, overcharge is not only increasing the voltage but also extracting lithium left 

in LCO.

Following the series of procedures, LCO changes in structure. As shown in Figure 

1.2, the lattice parameters fluctuate, inter alia, in the interlayer spacing between cobalt 

oxide slabs. In addition, LCO has metastable phase around x = 0.5 [1, 5]. It shows 
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monoclinic distortion due to oxygen-ion repulsion and it results in a slight increase in

slab spacing. Extraction of extra lithium reduces space as lithium site is emptied [1, 6].

Here, we surveyed several structures previously reported [9, 10] and displayed the 

slab spacing as a function of lithium amount in graph form. (Figure 1.3) Overcharge 

structural change pathway [1,9] is overlaid with red arrows in Figure 1.3.

Figure 1.1. Atomic structure of LiCoO2 (LCO). Green circles represent lithium while 

red circles represent oxygen. Cobalt atoms and cobalt oxide octahedra are marked 

with blue. It has a hexagonal structure in which a and b axes form a hexagon.
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Figure 1.2. Structural change with an atomic model of several phases. LCO changes 

to Li0.5CoO2 in normal charge range and finally CoO2 is obtained as an outcome of 

overcharge. Li0.5CoO2 has a monoclinic structure because oxygen repulsion triggered 

phase transition [1, 5]. In particular, slab spacing varies depending on the state of 

charge: It increases until x = 0.5 and then decreases below the original value during 

overcharge [1, 5, 6]. Same color configuration is used as in Figure 1.1.
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Figure 1.3. Slab spacing of related phases as a function of x in LixCoO2 [9, 10].

Several phases of cobalt oxide are indicated at x = 0. H1-3 refers to the hybrid phase 

of O1, namely CoO2, and O3. In O1 and O3, “O” represents that intercalant 

coordination is octahedral while “1” and “3” means the regularity of layers that 

repeats along the c-axis [1]. Spinel is a structure of cubic symmetry (space group Fd-

3m) also known as low-temperature LCO. Monoclinic indicates Li0.5CoO2 which has 

monoclinic distortion. Suggested charge pathway is marked with red arrows [1, 9].
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1. 3. Transmission electron microscopy analysis

TEM is a powerful analysis tool as it has the diverse technique to investigate crystal 

structure or electron structure effectively in nano-scale. By using high-energy (> 10 

kV) electron beams, we can achieve better resolution than optical microscopes which 

use light as a beam source. Its high resolution enables to directly investigate the atoms 

in materials [8, 11]. Also, techniques such as diffraction pattern (DP) [5] and electron 

energy loss spectroscopy (EELS) [7] allow electrochemical analysis to shed light on 

the charge/discharge mechanism. As we use TEM as the main analysis equipment, a 

brief description of various TEM techniques will be provided in this section.

1.3.1. Electron diffraction

Electron diffraction is the diffraction of the electron as a wave. Diffraction is a 

phenomenon occurring when traveling wave encounters an obstacle. The obstacle can 

be a slit, double slit or others. In electron diffraction, the atomic lattice is mainly an

obstacle. Diffraction nature is explained by Laue equation (1.2) especially at crystal 

lattice [12].

�⃗ ∙ (� − ��) = ���	(1.2)

Also, Figure 1.4 shows Laue equation in line lattice case briefly.
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Figure 1.4. Schematic of Laue equation [12]. a is a unit vector of the a-axis, s0 is an 

original wave, s is interfered-wave, na is an integer, λ is wavelength.

From well-known Bragg’s law (1.3) it is applied in the three-dimensional lattice as 

equation (1.4) [12].

�� = 2� sin � 	(1.3)

(� − ��)

�
= ����

∗ = ℎ�∗ + ��∗ + ��∗, |����
∗ | =

1

����
		(1.4)

In TEM, we detect diffracted beam as a series of the spot which indicates each 

reciprocal lattice vectors. In other words, we can find an inter-planar spacing of a 

crystal as an inverse form. Zone axis directs the crystal direction which we are 

investigating, and DP has to represent such lattice plane that includes zone axis.
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Also, a fast Fourier transform (FFT) can give a similar result with DP. Because 

Fourier transform detects the periodicity of an image with sinusoidal wave 

transformation, the inter-lattice spacing is obtained in crystal lattice image. But it has 

no further information than the image itself, so we have to use it carefully considering 

other factors such as extinction rule.

1.3.2. Electron energy loss spectroscopy

High energy electron beam loses its energy after transmitting the sample. EELS is a 

spectroscopy to analyze energy difference after sample investigation. EELS can be 

divided into two regions: low loss energy and core loss energy region. In low loss 

energy region, the EELS signal varies by inelastic interactions such as phonon 

excitations, plasmon excitations [13]. While in core loss region, inner shell ionizations 

are major factors [13].

By investigating the known energy area of such atoms, we can detect the

electronic structure of the atom which enables chemical analysis in nano-scale. Also, 

we can estimate the amount of each element including light elements, by comparing 

the EELS data. For instance, analysis of lithium amount of LCO was successfully 

done using EELS technique [7].



11

1.3.3. Scanning transmission electron microscopy

Scanning transmission electron microscopy (STEM) is a technique of TEM, using the 

focused beam to scan the sample. It detects the signal using an aperture like detector 

below the sample. The type of STEM determines which angle area to be used: the

bright-field STEM of low angle and the dark-field STEM of high-angle. Dark-field 

STEM typically relates to incoherently scattered electrons and it results in Z-contrast 

and thickness dependence in the image [14].

  Recent development in aberration correction enables atomic resolution at the

STEM. Nowadays it is feasible to observe single atomic column in the crystal lattice.

Distinguished with past techniques, bright-field and dark-field STEM, the annular 

bright-field and the high-angle annular dark-field STEM has been induced as an 

atomic scale analysis [14]. By virtue of these techniques, we can investigate the 

atomic structure of a crystal in detail [8].
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Chapter 2. Experimental Methods

2. 1. Experimental details

Experimental details about the investigation on LiCoO2 (LCO) particle by 

transmission electron microscopy (TEM) will be discussed in this part. The LCO

particle, which we used in this study, was obtained from Sigma-Aldrich Corporation 

without additional processing. Analysis on the pristine sample was conducted with the 

bare particle of this stage. Structure of the LCO was found to be a hexagonal (space 

group R-3m) corresponding with the O3 structure which is most common in LCO by 

X-ray diffraction (XRD). (Figure 2.1) The “O3” refers that the regularity of the 

oxygen octahedral site is repeated by three layers along the c-axis [1]. XRD patterns 

were acquired with Cu Kα1 radiation (λ = 1.54059 Å) using D8-Advance (Bruker 

Corp.).

The electrochemical measurement was performed in form of the coin cell

(CR2032) using lithium metal as the anode. (Figure 2.2) Once it had been completed

to blend LCO active material, carbon black (Super P) conductive agent and 

polyvinylidene fluoride binder thoroughly with a weight ratio of 8:1:1 using sufficient

amount of n-methyl-2-pyrrolidone as a solvent, the cathode was fabricated by 

smoothing the LCO slurry on an aluminum foil as a current collector. Then the coated 

aluminum foil was dried all day in a vacuum oven of 70℃ after roll pressing it well.
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For a separator, we used a glass microfiber filter (GF/F) from Whatman plc. We used 

as an electrolyte a 1 M LiPF6 solution in a 1:1 (v/v) mixture of ethylene carbonate and 

dimethyl carbonate. With these components, the coin cell was assembled in a glove 

box filled with argon gas to ensure the water-free and oxygen-free atmosphere. The 

full details of the coin cell configuration are attached in Table 2.1.

Components Ingredient Thickness Diameter

Spacer Stainless steel 0.5 mm 16 mm

Anode Lithium metal 0.3 mm 16 mm

Separator Glass microfiber filter (GF/F) 0.42 mm 16.5 mm

Electrolyte 1 M LiPF6 in EC/DMC (1:1) Approximate amount of 200 μL

Active material LiCoO2 (LCO)
150 μm → 30 μm

(after roll press)
10 mm

Current collector Aluminum foil 20 μm 10 mm

Table 2.1. Coin cell components with each ingredient, thickness, and diameter.
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Figure 2.1. X-ray diffraction (XRD) result of LiCoO2 (LCO) bare particle showing a 

perfect match with the O3 structure of space group R-3m. The O3 structure indicates 

that layered oxide octahedra are repeated regularly by every three layers along the 

perpendicular direction to the layer, i.e. A B C stacking [1]. XRD reference, acquired 

from the International Centre for Diffraction Data (ICDD. 00-050-0653), of the O3

structure is marked with a diamond symbol.
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Figure 2.2. Schematic configuration of the coin cell. Lithium metal is used as an 

anode while LCO is used for active material in the cathode.
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The overall shape of the LCO particle was investigated by SU70 (Hitachi Ltd.) 

field-emission scanning electron microscope. The sample for TEM was prepared by 

focused ion beam technique of Helios 650 (FEI Co.) and extra thinning was 

conducted with M1040 NanoMill (E.A. Fischione Instruments Inc.) which is an ion 

milling system using argon ion. The high-resolution investigation was performed 

using JEM-2100F (JEOL Ltd.) TEM. Further atomic resolution image was acquired 

by high-angle annular dark-field scanning transmission electron microscopy with 

ARM-200F (JEOL Ltd.) which is corrected of spherical aberration with probe 

corrector. Also, electron energy loss spectroscopy (EELS) was conducted using ARM-

200F to analyze the existence of the lithium. We used JEMS [2], electron microscopy 

software of CIME-EPFL (Switzerland), to simulate the electron diffraction pattern. 

Atomic model of crystals in this study was visualized by using VESTA [3] from JP-

Minerals. Various analysis including fast Fourier transform and EELS background 

subtraction was conducted in Gatan Microscopy Suite (Gatan Inc.) [4], TEM analysis 

software
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Chapter 3. Results and Discussion

3. 1. Overcharge result

To investigate the effect of overcharge on LiCoO2 (LCO) cathode material, we 

conducted an overcharge test. Both charge profile with constant current (1 C) and

linear voltammetry result are given in half-cell condition using lithium metal as the 

anode. (Figure 3.1, Figure 3.2 and Figure 3.3) “C” is the unit of current based on 

capacity. In other words, “1 C” means the current required to charge the entire cell in 

one hour. Voltage step of linear voltammetry was 1 mV. Plateau shown in Figure 3.1

was obtained from the peaks in Figure 3.2. It shows an acceptable match with the 

peaks in Figure 3.3.

There is a tremendous reaction starts above 5.7 V and the origin is unclear. 

Nevertheless, to be certain that every LCO particle has undergone overcharge, we 

applied a six volts’ criterion for the overcharged sample. In this study, a comparative

analysis was conducted on three conditions, i.e. pristine LCO, normally charged LCO 

with 4.4 volts’ cutoff and the overcharged sample.
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Figure 3.1. Charge profile of overcharge test on LiCoO2 (LCO). Red mark indicates a 

plateau which represents a steady state. In this study, we chose 4.4 V and 6 V cutoff 

condition for comparative analysis.
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Figure 3.2. Differential capacity of Figure 3.1 is represented. Differential capacity, 

dQ/dV, is obtained as a reciprocal of differentiation, dV/dQ. The peak in differential 

capacity corresponds to the plateau in Figure 3.1.
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Figure 3.3. Investigation result of current as a function of voltage. Each peak seems to 

be corresponding with the peak of Figure 3.2 while it does not show perfect 

agreement. It is expected especially that there is a tremendous reaction above 5.7 V.
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The samples prepared with focused ion beam were observed with transmission 

electron microscopy (TEM). Each sample’s shape and its electron diffraction pattern

(DP) are given in pairs. (Figure 3.4) Here the main peak indicated on the diffraction 

pattern stands for the slab spacing of the layered LCO structure. In addition, the 

reciprocal lattice d* is inversely proportional to the interplanar spacing d (eq. 1.4).

Accordingly, the slab spacing increases when charged in the normal charge range

while a decrease below the original value is shown for the overcharged sample. (Table 

3.1) These results are consistent with those reported in the previous study, which is

summarized and drawn in the diagram. (Figure 1.3) Here the extent of slab spacing 

change is smaller than the known value as it is a limitation of observing only one 

particle.

Condition d*003 Slab spacing

Pristine 2.133 1/nm 4.688 Å

Normal charge 2.122 1/nm 4.713 Å

Overcharge 2.147 1/nm 4.658 Å

Table 3.1. The structural change at different condition is tabulated. Here, d*003

indicates the main peak position in Figure 3.4 and d003 represents slab spacing.

Furthermore, we had a detailed analysis on the DP of the overcharged sample, 
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focusing on the main peak. (Figure 3.5) In the intensity profile with the line along the 

main peak, we confirmed two additional peaks. These peaks turned out to indicate 

monoclinic lithium cobalt oxide phase and cobalt oxide (II, III). In particular, Co2O3

phase exhibits lattice shrinkage of 9.89 % compared with the monoclinic phase and 

the coexistence of these phase induces extreme stress as in Table 3.2.

d*003 Slab spacing Structure

4.632 1/nm (d*006) 4.318 Å Co2O3 (corundum)

2.087 1/nm 4.792 Å Li0.5CoO2 (monoclinic)

2.147 1/nm 4.658 Å Co3O4 (spinel)

Table 3.2. Coexisting phases with their structural information. Corundum is a 

hexagonal (space group R-3c) crystal structure. As Co2O3 shows (006) peak, we used 

the half value of it to calculate the slab spacing.

To check the various phase focusing on the monoclinic phase which has lithium, 

we conducted electron energy loss spectroscopy (EELS) on the overcharged sample. 

EELS is a powerful analytical method which can detect the lithium successfully. It is 

known that the amount of lithium relates to the intensity of Li K-edge (61.5 eV) [1, 2].

As our system mostly includes cobalt which has Co M-edge of 65 eV [1, 2], we 

standardized the energy region from 64 eV to 66 eV to be a reference for lithium 
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analysis. (Figure 3.6) As a result, we confirmed that lithium remained in the central 

region showing dark contrast. Thus, we suggest that non-uniform lithium extraction 

has occurred and consider this inhomogeneous charge to be the main phenomenon of

overcharge. From now on, the detailed observation result in the dark region will be 

dealt with.
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Figure 3.4. Dark-field scanning transmission electron microscopy (STEM) images of 

samples in different conditions: (a) pristine, (b) normally charged, and (c)

overcharged. Diffraction patterns (DP) of (a), (b), and (c) are given in (d), (e), and (f)

accordingly. The main peak of DP, which indicates a reciprocal value of the slab 

spacing, showed a slight decrease and increase. In (c), there was a remarkably dark 

contrast at the center of the sample.
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Figure 3.5. Rescaled DP of Figure 3.4. (f) is shown as (a). Line profile of red 

rectangular in (a) is represented in full scale, (b), and in the magnified view of two 

main peaks, (c). Line integration width used for line profile is 3 here. In (b) and (c), 

another peak was found (blue arrow, 4.632 1/nm) as well as peak splitting of the main 

peak into peaks marked with a red and black arrow (2.087 1/nm and 2.147 1/nm). It 

indicates that there is three phase at least.
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Figure 3.6. Electron energy loss spectra (EELS), for each region in the overcharged

sample shown in (a), is given in (b). Each circle in the dark-field STEM image, (a), 

were investigated using EELS. Its result is shown in (b) with the same color. From 

inquiry on Li-K edge at 61.5 eV [1, 2], we confirmed residual lithium in the center 

part of the sample. For comparative analysis, we used Co-M edge around the 65 eV as 

a reference energy region [1, 2].
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3. 2. Abnormal crack

To verify other effects of overcharge, the advanced microscopic analysis was taken 

advantage of. We found nano-crack of abnormal shape to be a representative

phenomenon in the lithium remaining area. These cracks have a similar shape which 

consists of the continuous wedge-like “W”. (Figure 3.7) Here, we will name it 

“wedge” shape crack.

  As shown in Figure 3.8, we investigated the vicinity of the wedge shape crack by 

using EELS. From the analysis, we confirm that the bright contrast of the dark-field 

(DF) scanning transmission electron microscopy (STEM) image indicates the lack of 

lithium. This matches the previous result (Table 3.2) that showed diverse phases 

including both lithium-containing phase and not. Thus, crack has occurred around the 

boundary between several phases.
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Figure 3.7. Lithium remaining region at the center of the overcharge sample is shown 

in dark-field STEM image (a). (b) is a magnified image of the area marked green in 

(a). (c) shows a detailed view of cracks of (b). Cracks of abnormal shape are marked 

yellow and green circle in (b) indicates lithium remaining region.
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Figure 3.8. The EELS results from the magnified image (a) of a crack region in the 

overcharged sample (Figure 3.7. (b)) is represented in (b). Each data in (b) was 

obtained from the circular region of the same color in (a). From the red graph, we 

confirmed that none of the lithium was remaining in the area of bright contrast shown 

in (a).
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In Figure 3.9, the wedge shape crack shows that slab deformation has occurred 

maintaining the original layered structure. The original layered structure, which is 

shown in Figure 3.9. (d), was confirmed to be monoclinic structure, Li0.5CoO2, by its 

slab spacing. In addition, it is inferred to be the aftermath of stress action in that it 

resembles tectonic fault. Also, we confirmed the hole existing along the grain 

boundary of the crack. It is supported by its unique contrast on both of the TEM and 

STEM result: empty space shows the bright contrast in TEM, while hole doesn’t 

produce any scattered electron to result in dark intensity in DF-STEM.

We also ascertained that it has a common feature in that angle of deformation 

roughly equals to 33 degrees. The deformation value was calculated by measuring the 

angle between the main peaks of a fast Fourier transform (FFT) results. Additionally,

the FFT result shows there is a perfect match in (021) peak for the original and the 

deformed structure of monoclinic.

As shown in the Figure 3.10, twist along the (021) grain boundary has the angle 

of 32.56˚ to give perfect agreement with the above result. Moreover, we suggest that 

twin deformation has arisen here to relieve the internal stress caused by lattice 

shrinkage. Previously reported monoclinic twin system of twin plane {021}, Baveno 

twin [3] and the recent study of (021) twin system in monoclinic crystal support our 

suggestion [4, 5]. But we have to be cautious that monoclinic system varies 

dramatically by its symmetry and its lattice angle β. Thus further study on the grain 

boundary in the point of twin deformation will be taken into account.
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Observing the vicinity of the crack region, there was also an important finding of 

cobalt oxide reconstruction. As shown in Figure 3.7, the crack starts from the region

showing bright contrast. Investigating this part by atomic scale STEM revealed that 

Co2O3 and Co3O4 exist here (Figure 3.11). Co3O4 has a structure of spinel with cobalt 

ion replacing empty lithium ion site and this structural change induces a slight

decrease of slab spacing for the original layered structure. While Co2O3 has a form of 

corundum. This hexagonal structure results in extreme lattice shrinkage. As only a 

little research on Co2O3 was conducted, we have a lack of information about this 

phase. In other words, the stability of the phase and the reaction path from the layered 

structure should be studied further.

From the inverse FFT result in Figure 3.11, it is also found that reconstruction 

occurred locally. Here, separation of phases is shown distinctly. In addition, Co2O3

shows coexistence of symmetric zones which expected to be [100] and [110] zone 

axes shown in Figure 3.11 (f). Moreover, CoO2, the well-known end product of LCO 

charge process, was not discovered in this sample. It seems to be reconstruction 

toward Co2O3 and Co3O4 is metastable that CoO2 does not appear. Therefore, further 

study on the pathway for reconstruction reaction is urgently required.

Here, we investigated the overcharged sample in detail. The result of TEM 

investigation mainly shed light on the non-uniformity of lithium extraction and its 

effect. In particular, we’ve confirmed lithium remaining results in extreme slab 

spacing difference, i.e. partial shrinkage. To relieve the internal stress, the sample 
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showed twin deformation like change maintaining its unique layer structure. In other 

words, extreme lithium extraction can trigger a physical damage inside the LCO 

particle. As this crack is irreversible, it can affect to its stability. Also, cobalt oxide 

reconstruction can induce consequent oxygen generation which is harmful to the cell’s 

safety [6, 7]. So we suggest the captured lithium inside the particle play critical role in 

overcharge.
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Figure 3.9. High-resolution TEM image (a), (b) and high-angle annular dark-field

(HAADF) STEM image (c), (d) of the wedge shape crack region. (e) and (f) shows a 

fast Fourier transform (FFT) result from each layer in (c). (b) and (c) represents the 

region marked with red rectangular in (a). (d) shows the atomic layer of the 

monoclinic structure Li0.5CoO2 magnifying from (c). The angle represented in (c) was 

calculated by comparing the main peak of (e) and (f).



37

Figure 3.10. Twin deformation model in [100] zone axis along the (021) plane. (a)

and (b) shows two types of overlapping crystal, as it has a periodicity of two layers. (c)

is the diffraction pattern simulated of the deformed structure. (d) is an FFT result of 

Figure 3.9. (c). (c) and (d) shows agreement as well as representing overlap of (021) 

peak.
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Figure 3.11. HAADF-STEM image (a) is acquired below the wedge shape crack 

region. (b) and (c) shows an inverse FFT result each using Co3O4 peaks and Co2O3

peaks to highlight its structure. (d) is FFT result of (a), while (e) and (f) is simulated 

DP of Co3O4 and Co2O3. Atomic structures of cobalt oxides are overlaid in (a). Zone 

axes and its direction are represented in (e) and (f).
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Chapter 4. Conclusions

We’ve studied the structural change of LiCoO2 particle, commonly used cathode 

material for a lithium-ion battery, during overcharge. The effect of overcharge on 

LiCoO2 particle was investigated by transmission electron microscopy (TEM). We’ve 

applied various techniques from electron diffraction to electron energy loss 

spectroscopy (EELS) to unveil the structural change in atomic scale. We’ve observed

abnormal nano-crack occurred in the overcharged sample and conducted an 

investigation on the crack region in detail to reveal the cracking mechanism.

Firstly, we found that there was the non-uniform extraction of lithium during 

overcharge. In other words, state of charge in the particle showed the difference, i.e. 

there was residual lithium in the particle’s core while none of the lithium left in the 

exterior. As lithium extraction results in lattice shrinkage, there was consequential slab 

spacing difference up to 10 % which induces stress inside the particle. Thus we insist 

that the crack mainly occurred to relieve the internal stress.

Also, the crack has a shape of abnormal wedge forming a specific angle of 30 

degrees with original layered structure. In particular, wedge occurred along the (021) 

plane with [100] zone axis of the monoclinic Li0.5CoO2 structure. We suggest that this 

is related to twin deformation in the monoclinic system and further study on the grain 

boundary will be conducted.
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Furthermore, local phase change to cobalt oxides (II, III) was observed in the 

vicinity of the crack region. This phase change results in irreversible degradation as 

cobalt ion migrates into adjacent lithium-ion position reconstructing new structure.

Although we haven’t observed gas occurrence, these reconstruction reactions are 

likely to be a reason of the oxygen gas evolution which is directly related to battery 

safety.

From this study, we suggest that residual lithium inside the particle causes 

abnormal crack during overcharge. Also, we expect that a deeper understanding of the 

overcharge mechanism will increase the available capacity and improve battery safety.

Furthermore, from the atomic scale study on electrochemical reaction, our study will 

contribute to a more detailed knowledge of battery charge-discharge mechanism.
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Figure 4.1. Schematic mechanism of cracking during overcharge
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Abstract in Korean

국문초록

투과전자현미경을 통한 리튬코발트산화물의

과충전 구조 변화 메커니즘 연구

서울대학교 대학원

공과대학 재료공학부

오주현

리튬이온전지(lithium-ion battery)는 높은 에너지 밀도를 가지고 있어

전기자동차(electric vehicle)와 에너지 저장 장치(energy storage 

system)와 같은 대용량 전지가 필요한 분야에 널리 적용되고 있다. 그러

나 리튬이온전지는 리튬으로 인한 폭발 가능성을 내재하고 있는 만큼 사

용에 있어 주의를 요한다. 실제로 최근 잇따른 휴대전화 등에서의 발화 사

고로 인해 리튬이온전지의 안전성에 대해 소비자들의 우려가 증폭되고 있

다. 이러한 안전성 문제는 오히려 대용량 전지에서 더욱 위험할 수 있는데,

여러 개의 작은 셀(cell)들로 구성되어있는 대용량 전지의 특성상 단위 셀

하나의 오작동이 연쇄적으로 전체의 발화를 야기할 수 있기 때문이다.

과충전(overcharge)은 정상 충전 범위를 벗어나 계속 충전하는 것을
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의미하며 발화의 주요 원인 중 하나이다. 또한 직접 과충전을 하지 않더라

도 전체 충전 상태가 균일하지 않으므로 부분적인 과충전을 야기할 수 있

다. 특히 대용량 전지에서는 부분적인 과충전을 모두 통제하기 힘들기 때

문에 위험성 예방이 더욱 강조되고 있다. 이러한 요구에 발맞춰 과충전 메

커니즘을 켜켜이 이해하고자 과충전 연구를 수행하였다.

리튬코발트산화물(lithium cobalt oxide, 화학식 LiCoO2)은 리튬이온전

지 양극(cathode) 재료로 가장 널리 쓰이는 물질이다. 상용화되어 쓰이는

만큼 정상 작동 범위에서의 전기 화학 반응은 잘 알려져 있으나, 과충전

과정에 대한 이해는 이에 비해 미진하다. 본 연구에서는 과충전 시, 즉 리

튬 이온을 더욱 추출하는 과정에서 리튬코발트산화물의 구조 변화를 관찰

하였으며 비가역적 반응 메커니즘을 규명하고자 한다. 과충전이 안전성에

끼치는 영향을 알아보기 위하여, 우리는 초기 시료 및 정상 충전 시료와

과충전 시료를 비교 분석하였다. 충전 후에는 각 조건의 시료 중에서도 단

일 입자를 박편의 형태로 얇게 만들어 투과전자현미경(transmission 

electron microscopy)으로 관찰하였다.

우리는 분석 결과를 통해 과충전 시에 비정상적인 균열(crack)이 발생

함을 확인하였다. 이러한 특이 균열은 특유의 쐐기(wedge) 형태를 가진

다. 또한 균열이 발생한 박편의 중앙부에는 적은 양의 리튬이 남아있음을

확인하였다. 이는 박편의 상부와 하부에는 리튬이 없어서 대조적이라는 점

뿐만 아니라 구조적으로도 층간 간격에서 10%에 달하는 차이를 보인다는

점에서 매우 중요하다. 즉 과충전 과정에서 불균일한 리튬의 추출이 발생

하였고 이로 인해 입자 내부에 극심한 응력(stress)이 발생하였음을 시사
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한다. 우리는 비정상적인 균열이 이러한 내부 응력을 완화하고자 생성되었

을 것이라고 주장한다. 더구나 고속 푸리에 변환(fast Fourier transform)

결과로부터 우리는 비정상적인 균열이 쌍정 변형(twin deformation)의 형

태로 일어났을 것이라 유추한다. 마지막으로 리튬이 남아있지 않은 부분에

서 산화코발트의 여러 상(Co2O3, Co3O4)을 발견하였다. 이것은 극단적인

리튬 추출로 인해 유도되는 리튬 층 없이 코발트산화물 층만의 적층 구조

가 산소 이온이 직접 마주보기 때문에 불안정함을 시사한다.

우리는 입자 내부의 잔류 리튬이 과충전 과정에서 응력을 발생시킬 뿐

아니라 물리적인 손상에도 영향을 끼침을 확인하였다. 이에 더하여 특이한

형태의 미세 균열을 분석함으로써 과충전이 입자에 작용하는 영향을 나노

수준에서 제시하였다. 결과적으로 본 연구로부터 과충전 과정에 대한 이해

가 진일보하여 종래에는 전지의 안전성이 확보되기를 기대하고 있으며 과

충전에 대한 연구가 안전성 외에도 전지의 용량과도 직결되는 만큼 산업

계에서 요구되는 고용량 전지의 개발에도 기여할 것으로 예상한다.

----------------------------------------

주요어 : 리튬이온전지, 과충전, 투과전자현미경, 리튬코발트산화물, 균열

학  번 : 2016-26794
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