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Abstract 

Theoretical study on high-capacity 

layered oxide cathode materials for 

lithium-ion secondary batteries 

 

Song, Jun-Hyuk 

Department of Material Science and Engineering 

College of Engineering 

The Graduate School 

Seoul National University 

 

Rechargeable lithium-ion batteries, which have been the main energy source for 

portable electronic devices, are expected to play an inevitable role as a core energy 

storage device in a new horizon of the decarbonization industry in response to social 

and environmental demands. To respond to the rapid transition to large-scale energy 

storage for eco-friendly electrified transportation where charging devices are not 

easy to carry, innovatory increase of energy density that can be stored in cells is 

essential. In this regard, lithium-rich layered oxide cathodes are promising candidate 

as alternative materials because they exhibit a high-capacity that overwhelms the 
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conventional stoichiometric layered lithium transition metal oxides. However, since 

it is still unclear what factors control the triggering of oxygen redox reaction, which 

is the origin of the high-capacity characteristics exhibited by lithium-rich layered 

oxide cathodes, so it is very important to understand oxygen redox triggering 

mechanism. In addition, it is known that active use of high-capacity region 

significantly compromises the material's ability to retain energy through cycles, so 

an in-depth understanding to secure the electrochemical reversibility of the electrode 

is also essential. In this thesis, I present a theoretical study on the oxygen redox 

triggering mechanism which is responsible for the high-capacity characteristics of 

lithium-rich layered oxide electrodes and propose a design strategy for a material 

that can be stably maintained high capacity by exploring the factors that affect 

electrochemical reversibility when using the corresponding capacity. 

In chapter 2, I explore the origins of oxygen redox in lithium-rich layered oxides by 

examining the electronic structures of various transition metal oxide compounds. In 

this chapter, I propose that the oxygen redox chemistry responsible for the high-

capacity properties can depend on the type of transition metal. In previous studies, it 

was agreed that the triggering of oxygen redox originates from a unique Li–O–Li 

non-bonding axis present within the lithium-rich layered oxides. However, despite 

the non-bonding nature of the Li–O–Li state, the availability of oxygen redox 

reaction and operating voltage of oxygen oxidation reaction subtly differed 

depending on the different types of TMs constituting the lithium-rich oxides. 
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Clarifying the usable boundaries of oxygen redox reaction to achieve high capacity 

is very important because the most of oxygen redox potential which are 

experimentally reported spans the decomposition voltage of the electrolyte. However, 

their intrinsic relationship between transition metal and oxygen redox potential have 

not yet been fully understood. In this respect, I present a comprehensive picture of 

the oxygen redox activity of lithium-rich layered oxides through precise examination 

of the electronic structures of a wide range of 3d transition metal compounds 

(Li2TMO3) considering the local environments. The π-type interaction between 

transition metal and oxygen was thoroughly investigated through the control of the 

local environment, which was found to have a significant effect on the oxygen redox 

activity/potential. My model rationalizes the reported phenomenological correlations 

for different oxygen redox potentials and provides a scientific basis for stably 

inducing oxygen redox reactions within a limited electrochemical window. 

In Chapter 3, I identify the factors of irreversible voltage degradation of lithium-rich 

layered oxide electrodes and propose a material design strategy to improve structural 

reversibility. Electrochemical degradation, such as voltage depression, is believed to 

be mainly due to structural disorders, but the understanding of how these phenomena 

evolve in an irreversible direction is still incomplete. Here, I suggest that the 

irreversible structural transformation and redox asymmetry of lithium-rich layered 

oxides can be rationally explained through a comprehensive understanding of 

dynamic structural evolution. Combination of slab gliding and out-of-plane 
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transition metal migration which are co-existing in the oxygen redox process can 

generate various structural evolution pathways, leading to even higher levels of 

structural complexity. Among generated pathways, some asymmetric pathways in 

which structural transformation upon discharging differ from the reverse order of 

charging, are spontaneous processes and eventually form disordered structures, 

resulting in voltage hysteresis and structural irreversibility. Particularly, the slab 

gliding mediated process was found to be much easier than the pathway in which 

transition metal migrate directly to form a disordered structure, suggesting that the 

control of slab gliding is a key factor for suppressing structural degradation and 

improving electrochemical performance. My findings present a rational scenario for 

irreversible structural evolution of lithium-rich layered oxides and unveil new 

controllable factors for optimizing the reversible oxygen redox. 

 

 

Keywords: Energy storage, Batteries, Cathodes, Lithium-rich layered oxides, 

Oxygen redox 

Student Number: 2018-36009 



v 

 

Table of Contents 

Abstract ......................................................................................... i 

List of Figures ............................................................................ vii 

List of Tables ............................................................................. ⅹⅳ 

Chapter 1. Introduction .............................................................. 1 

1.1 Motivation and outline ....................................................................... 1 

1.2 References .......................................................................................... 6 

Chapter 2. Anionic redox activity regulated by transition 

metal in lithium-rich layered oxides .......................................... 9 

2.1 Introduction ........................................................................................ 9 

2.2 Computational and experimental details .......................................... 18 

2.2.1 First-principle calculations ..................................................... 18 

2.2.2 Material synthesis and electrode preparation ......................... 19 

2.2.3 Electrochemistry..................................................................... 20 

2.3 Result and Discussion ...................................................................... 23 

2.3.1 π-type interaction and change in oxygen energy state ........... 23 

2.3.2 Neighboring TM alters Li–O–Li energy states ...................... 30 

2.3.3 General indicator of oxygen redox activity in 3d-metal-

based Li2TMO3 ................................................................................ 40 

2.4 Concluding remarks ......................................................................... 48 

2.5 References ........................................................................................ 50 

Chapter 3. Superposition of slab gliding and transition metal 



vi 

 

migration leads to irreversibility and redox asymmetry in 

lithium-rich layered oxides ....................................................... 58 

3.1 Introduction ...................................................................................... 58 

3.2 Computational and experimental details .......................................... 64 

3.2.1 First-principles calculations ................................................... 64 

3.2.2 Material synthesis and electrode preparation ......................... 64 

3.2.3 Operando X-ray diffraction .................................................... 65 

3.3 Results and discussion ..................................................................... 66 

3.3.1 Simultaneous occurrence of slab gliding and TM migration . 66 

3.3.2 Asymmetric pathways and structural irreversibility resulting 

from the combination of slab gliding and TM migration ................ 74 

3.3.3 Redox asymmetry due to the asymmetric structural 

transformations ................................................................................ 91 

3.3.4 Facilitating irreversible deformation pathways by slab 

gliding.............................................................................................. 96 

3.4 Concluding remarks ....................................................................... 104 

3.5 References ...................................................................................... 105 

Chapter 4. Summary ............................................................... 111 

Abstract in Korean .................................................................. 113 



vii 

 

List of Figures 

Figure 2.1. Schematic illustration of band structure of Li2TMO3. The inset shows 

the case where the Li–O–Li axis and M t2g are regarded as a pure unhybridized state. 

The red band represents oxygen character, and the blue band represents metal 

character. 

Figure 2.2. (a) Electrochemical properties of honeycomb layered Li2MnO3 and 

Li2TiO3 at first cycle. (b) SEM images of synthesized Li2MnO3 and Li2TiO3. (c) XRD 

patterns of synthesized layered Li2MnO3 and Li2TiO3 with honeycomb ordering. 

Both compounds have a similar monoclinic structure, which are indexed to C2/m 

and C2/c space groups for Li2MnO3 and Li2TiO3, respectively.  

Figure 2.3. Schematic illustration of the case where the Li–O–Li axis forms 𝜋-type 

hybridization with neighboring transition metals 

Figure 2.4. Schematic illustration of band structure for the case where the Li–O–Li 

axis and M t2g are regarded as a 𝜋-type hybridized state. 

Figure 2.5. Comparison of experimental results with total density of states(tDOS) 

calculations of Li2TiO3 performed by HSE06 and GGA+U using various parameters. 

Figure 2.6. Calculation result of projected density of states(pDOS) of well-ordered 

Li2MnO3. Li–O–Li axis different from Li–O–M within the momentum space (x, y, 

z) of Li2MO3 ensures different electron distribution in a particular direction. 



viii 

 

Figure 2.7. Li2TMO3 honeycomb ordering layered supercell structure consisting of 

only Li4TM2–O local configuration.   

Figure 2.8. Model structure for the calculation of honeycomb ordered Li-rich 

layered oxide and partially disordered Li-rich oxide. The partially disordered Li-rich 

oxide structure was formed by site exchange of 2 TM with Li at in 2b and 2c from 

the honeycomb ordered Li-rich layered oxide.  

Figure 2.9. Generated disordering Li2MO3 supercell structure using special quasi-

random structure (SQS) method. In the rocksalt-based supercell, Li/TM occupied 32 

cation sites in a ratio of almost 2:1 (21:11), and oxygen occupied 32 anion sites. The 

generated structure ensures the presence of at least one Li6–O local configuration in 

Li2MO3. 

Figure 2.10. Oxygen pDOS of various local structures that appear through the 

exchange of two pairs of Li and TM sites in the honeycomb layered Li2TMO3 (TM 

= Ti). The inset shows each local structure; the red region represents the pDOS of 

the Li–O–Li axis, and the yellow region represents the pDOS of the Li–O–TM axis. 

Figure 2.11. Oxygen pDOS of Li6–O local configuration, where the filled and 

unfilled areas indicate the oxygen states along the Li–O–Li and all axes, respectively. 

The blue and orange lines represent the band center of the unhybridized Li–O–Li 

states and 𝜋-type hybridized Li–O–Li states, respectively. 

Figure 2.12. Oxygen pDOS of Li4TM2–O local configuration, where the filled and 



ix 

 

unfilled areas indicate the oxygen states along the Li–O–Li and all axes, respectively. 

The blue and orange lines represent the band center of the unhybridized Li–O–Li 

states and 𝜋-type hybridized Li–O–Li states, respectively. 

Figure 2.13. Schematic diagram of band structure that can be formed depending on 

the relative positions of O 2p and M t2g. The red and blue colors indicate oxygen and 

metal character, respectively. The orange shaded region is the energy level of the 

Li6–O state, the unhybridized O 2p level. 

Figure 2.14. Energy level of M t2g orbitals depending on the value of 10Dq. 

Figure 2.15. Trends of average TM–O distance for various TM species in Li2TMO3 

compounds. 

Figure 2.16. tDOS of honeycomb ordering layered Li2TMO3 (TM = Ti, V, Cr, Mn, 

Fe, Co, Ni).  

Figure 2.17. Schematic illustration of electronic band structures of honeycomb 

ordering layered Li2TMO3 (TM = Ti, V, Cr, Mn, Fe, Co, Ni). The number of each 

molecular orbital was normalized per oxygen. The black dots represent electrons, 

and the size of the dots indicates their contribution. The red, blue, and yellow 

blurring on each state indicate oxygen dominant, metal dominant, and metal and 

oxygen competitive character, respectively. 

Figure 3.1. Structure and motif of O1–α and O1–β stackings 



x 

 

Figure 3.2. Supercell structures of Li2-xRuO3 (x = 0) with three different stacking 

sequences. 

Figure 3.2. Formation energies of each stacking sequence (O3, O1–α, O1–β, hybrid 

O1–α and O1–β) as a function of Li content. The relative energies are presented with 

respect to the value of the O3 stacking sequence. 30 different configurations were 

considered for each Li concentrations, the most stable energies are shown in bold 

and the others are dimmed.  

Figure 3.3. Hybrid supercell structures of three different Li2-xRuO3 with two kinds 

of stacking motif. Li ions are omitted. 

Figure 3.4. (left) First charge–discharge profile of Li2-xRuO3 (0 ≤ x ≤ 1.85). (middle) 

Operando XRD pattern of Li2-xRuO3 (0 ≤ x ≤ 1.85). (right) Simulated (002) peaks 

calculated for O3- and O1-Li2-xRuO3 (0 ≤ x ≤ 1.85). O3 stacking was calculated for 

x = 0, 0.75, O1–α stacking for x = 1, hybrid and O1–β stacking for x = 1.5. 

Figure 3.5. Detailed comparison of calculated X-ray diffraction pattern and 

operando X-ray diffraction pattern during the first charge. 

Figure 3.6. TM migration energies calculated for Li2-xRuO3 (1 ≤ x ≤ 2). Only the 

most stable migration energies are shown for each lithium content. In-plane 

migration indicates the migration of the Ru ion to the neighboring vacant octahedral 

site in the same TM layer. The out-of-plane migration indicates that the Ru ions 

migrate to the neighboring tetrahedral site in the Li layer for O3 and to the octahedral 



xi 

 

site in the Li layer for O1–α and O1–β. 

Figure 3.7. Two different O1−α stacking and O1−α + O1−β (3 : 1) hybrid stacking 

in Li2-xRuO3 (x = 1.16) prepared for defects calculation. Li ions are omitted.  

Figure 3.8. Sequential combination of slab gliding and TM migration. The 

combinations are divided into two symmetric sequences and two asymmetric 

sequences depending on the order of each process. 

Figure 3.9. Consideration for combination of slab gliding and TM migration. During 

the charging process, slab gliding from O1−α to O1−β occurs, and out-of-plane TM 

migration to the Li layer can occupy two types of sites. During the discharge process, 

slab gliding occurs from O1−β to O1−α and migrated TMs can re-migrate to occupy 

four different types of sites. 

Figure 3.10. Structural evolution map during charging and discharging. The total 

path includes 6 structural evolution paths during the charging process, and 14 

structural evolution paths during the discharging process. 

Figure 3.11. All kinds of disordered structures that can be formed by slab gliding 

and out-of-plane TM migration during charging and discharging. 

Figure 3.12. (left) Energy landscape for all symmetric and asymmetric pathways. 

(right) Energy landscape for representative symmetric and asymmetric pathways. 

The paths are referred to as paths [1]-[5]. The final structures via symmetric and 

asymmetric paths are shown on the right. 



xii 

 

Figure 3.13. Representative symmetric and asymmetric structural evolution map 

through sequential combination of gliding and out-of-plane TM migration ([1]-[5]). 

Each step was visualized with a motif representing the structure. Between each step, 

the structural transformation process is schematically illustrated. Red squares 

indicate TMs where a move occurred, blue squares indicate fixed TMs, and white 

squares indicate vacancies. Additionally, TM migration is indicated by red arrows, 

and slab gliding is indicated by blue arrows. 

Figure 3.14. Structures that can be formed through a total of 20 pathways after 

charging and discharging process. 

Figure 3.15. Electronic structures of initial (step 1) and final (step 5) configurations 

formed through sequential repetition of slab gliding and TM migration. The six 

oxygens of interest, either coordinated to two TMs (red atom) or coordinated to one 

TM (green atom), are indicated in the inset of each graph as a blue dotted line. The 

sum of the electron densities of oxygen with the same coordination is indicated by 

the same color as each oxygen atom. In addition, the shortest TM–O bonding length 

in each structure and the electron density of the corresponding local structure are 

displayed on the right side of the inset. 

Figure 3.16. Energetic comparison of direct and indirect structural change pathways 

for 'in-plane disordering' structure. Two different scenarios forming the ‘in-plane 

disordering’ in the structure. (Top panel) Direct path involving the in-plane hopping 

of TM ion. (Bottom panel) Indirect path mediated by slab gliding and out-of-plane 



xiii 

 

TM migration. Points a–c and a’–g’ in the figure indicate the positions of the moving 

cation. (Right) Energy landscapes calculated along the direct and indirect path 

represented in the panels. 

Figure 3.17. Schematics of two plausible pathways (TSH and ODH) of direct in-

plane TM migration and the energy of these pathways in fixed atom position.  

Figure 3.18. Schematics of two plausible pathways (TSH and ODH) of direct in-

plane TM migration and the energy of these pathways in fixed atom position. 

Energetic comparison of direct and indirect structural change pathways for 'TM 

trapped in Li layer' structure. Two different scenarios forming the ‘TM trapped in Li 

layer’ in the structure. (Top panel) Direct path involving the out-of-plane and 

tetrahedral site hopping of TM ion. (Bottom panel) Indirect path mediated by slab 

gliding and out-of-plane TM migration. Points a–g and a’–e’ in the figure indicate 

the positions of the moving cation. (Right) Energy landscapes calculated along the 

direct and indirect path represented in the panels.  

 

 

 

 

 



xiv 

 

List of Tables 

Table 3.1. All paths that can be formed by slab gliding and out-of-plane TM 

migration during charging and discharging. The total path includes 5 symmetric 

structural evolution paths and 15 asymmetric structural evolution paths. 



1 

 

Chapter 1. Introduction 

1.1 Motivation and outline 

The rapid growth of the decarbonization industry is an irresistible trend, the shift 

from combustion engines to electric vehicles (EVs) is now at the major stem of this 

pathway1. A successful transition is taking place through high-energy density 

lithium-ion rechargeable batteries1,2, however ignition of robust EVs market 

expansion requires significant innovation in current battery technology3. In 

particular, the mileage of about 400 km1 achievable with the current battery system 

is relatively short compared to the internal combustion engine, which is insufficient 

to liberate consumers from 'mileage anxiety'. Among the various approaches to 

solving 'mileage anxiety', the most primitive solution to increase the energy density 

of lithium-ion batteries has been the goal of many researchers over the past decades. 

Among the components of state-of-the-art lithium-ion batteries, especially 

transition metal oxide-based cathode materials have the highest price/weight ratio, 

so the cell energy density is greatly affected by the energy density improvement of 

cathode materials. In this regard, lithium-rich layered oxides are attracting much 

research interest as a next-generation cathode material because of its high-capacity 

property and structure similarity with conventional cathode materials. Lithium-rich 

layered oxides (Li[LixTM1-x]O2, where TM is transition metal, 0 < x < 1) have a high 

Li/TM ratio because some transition metals located in the transition metal layer are 
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replaced with lithium ions, so it is theoretically possible to improve lithium 

utilization compared to conventional stoichiometric layered oxides(LiTMO2)4. 

However, since the ratio of transition metals is lowered, it is essential to take part in 

the multi-redox of transition metals or the redox of oxygen, in charge compensation 

in order to fully utilize lithium. Indeed, high capacity beyond the oxidation limit of 

transition metals has been shown in electrodes such as Li2MnO3 and Li2RuO3, which 

are representative examples of lithium-rich layered oxides5-7. A series of studies have 

shown that the high-capacity properties of lithium-rich layered oxides are achieved 

by oxygen redox7,8.  

However, despite the great promising potential offered by lithium-rich layered 

oxides, practical implementations have been limited by two issues. The first 

difficulty is the ambiguity of the oxygen redox availability, and the second is the 

electrochemical degradation that occurs when oxygen redox is used. Firstly, the 

triggering of oxygen redox in the electrochemical window is very important because 

it is directly related to the possibility of securing high energy density. Previous 

theoretical studies have revealed that the oxidation availability of oxygen is due to 

non-bonding oxygen energy levels along the peculiar Li–O–Li axis, which are only 

present in lithium-rich materials9. Despite the non-bonding nature of the Li–O–Li 

state, where the energy level is absolute, there have been conflicting observations 

about the availability and voltage of oxygen redox depending on the type of lithium-

rich layered oxides6,10-17. Although it has been common characteristics such as the 

ratio of cations and anions, arrangement of transition metals, and difficulty in further 
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oxidation to transition metals for many lithium-rich layered oxides, there was a 

difference in the availability of oxygen redox simply depending on the type of 

transition metal. These observations imply that transition metal is a very important 

factor in inducing oxygen redox, and the operating mechanism must be elucidated 

for oxygen redox utilization. 

The second difficulty is the degradation of electrochemical properties such as 

voltage depression. Since a decrease in the average discharge voltage during the first 

charge/discharge or cycling actually leads to a large decrease in the available energy 

density, it is necessary to solve this problem for practical applications. In lithium-

rich materials, the usage of oxygen redox has known to entail structural degradations 

of the electrode materials18-22. Importantly, structural degradation occurs either 

reversibly or irreversibly, among which it is known that irreversible structural 

changes create different thermodynamic pathways between charging and 

discharging resulting in potential differences18,21,23. However, there are still not many 

studies on how these structural changes can occur in an irreversible direction. I noted 

that slab gliding, which can generally occur in layered oxides, can make the 

migration path of transition metals very complicated, and this can lead to transition 

metals that cannot recover their original positions even after charging and 

discharging.  

Here, I explore the material design rule for exploiting the oxygen redox of lithium-

rich layered oxides within the electrochemical limits limited to within 5V due to the 
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electrolyte. Furthermore, by tracing the source of the irreversibility of material 

degradation due to charging and discharging, I tried to examine the scientific origins 

of degradation of the high-energy-density layered oxides. In Chapter 2, I investigate 

in detail the root-cause through which oxygen redox mechanism works in lithium-

rich layered oxides with different compositions. Here, I suggest that the energy band 

of oxygen along the Li–O–Li axis is not a completely independent non-bonding state, 

but rather has a π-type interaction with an adjacent transition metal. In more detail, 

these π-type interactions are subtly dependent on the number and type of adjacent 

transition metals, thus significantly affecting the oxygen redox potential, resulting in 

different electrochemical signals. The corresponding electronic structure can be 

interpreted as the relative position of the M t2g state of the transition metal to the 

position of the O 2p state. My intuitive model can provide a universal predictive 

indicators of oxygen redox activity and, in turn, describe material design rules that 

can lead to stable oxygen redox reactions within the electrochemical window.  

In Chapter 3, I investigate the causes of the irreversibility of structural phase 

transitions in oxygen redox working electrodes and propose strategies to improve the 

reversibility. I suggest a rational model for the increase in structural complexity 

between charge/discharge by combining slab gliding, which is a lateral movement 

that has not been considered for transition metal migration paths in previous studies. 

Most of the irreversible/asymmetric pathways occurring through the combination of 

TM migration and slab gliding are spontaneous processes, and after series of process, 

the final structures of 'in-plane disordering' and 'TM trapped in Li layer' were 



5 

 

captured after discharge. It was confirmed that the asymmetric pathways that form 

different final structures after charging and discharging from the initial structure are 

thermodynamically different pathways, suggesting that electrochemical redox 

asymmetry can appear through the deformation of the electronic structure. Finally, 

when the slab glide is mediated and structural deformation occurs, it is confirmed 

that the disordered structure is formed much more easily than the direct transition 

metal migration.  
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Chapter 2. Anionic redox activity regulated by 

transition metal in lithium-rich layered oxides 

(The content of this chapter has been published in Advanced Energy Materials. 

[Song, J. et al., Advanced Energy Materials 2020, 31, 2001207.]-Reproduced by 

permission of Wiley Publishing Group)      

2.1 Introduction 

There is an urgent need to improve the energy density of current lithium-ion 

batteries to address the rapidly growing demand for electric vehicles and large-scale 

energy storage systems1-4. Lithium-rich layered transition metal oxides are one of the 

leading candidates for high-energy-density cathode materials and have thus recently 

garnered extensive research interest5-8. One of the unique features of lithium-rich 

layered transition metal oxides is that an exceptionally high capacity can be attained, 

which stems from the additional contribution of anionic redox to the charge 

compensation process9-15. This contrasts with the redox behavior of conventional 

cathode materials, where only cationic redox is mainly observed during the 

(dis)charge. Previous theoretical studies have demonstrated that the anionic redox 

activity in lithium-rich materials can be attributed to a peculiar Li–O–Li local 

configuration prevalent in the lithium-rich composition16. Furthermore, a series of 

subsequent studies revealed that the anionic redox activity similarly occurs not only 
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in the Li–O–Li configuration but also in the presence of ions such as Na+, Mg2+ on a 

specific axis that do not form hybridization with oxygen17. As schematically 

illustrated in the band diagram in Figure 2.1, the valence of the transition metal (TM) 

typically forms a σ-type hybridization with the 2p orbitals of the oxygen ligand, 

leading to electron-filled bonding levels (with predominantly oxygen character) and 

electron-depleted antibonding levels (where the TM character is dominant) in a 

conventional layered structure18-21. Notably, in layered lithium-rich transition metal 

oxides, fewer TMs participate in the σ-type bonding; thus, the oxygen ends up with 

an Li–O–Li coordination along which no σ-type hybridization with TM orbitals can 

be achieved, resulting in a new oxygen energy state of the Li–O–Li (inset of Figure 

2.1). This oxygen energy state generally appears at a far higher energy level than 

other oxygen-character bonding states, thus becoming accessible to electrochemical 

redox reaction in the voltage window of cathode materials. In addition, because the 

newly generated oxygen states of Li–O–Li do not form σ-type hybridization with 

any other orbitals, they are generally denoted as ‘unhybridized’ or ‘non-bonding’ 

oxygen levels17,22-24.  

Despite the non-bonding character of the Li–O–Li states, the energy level of which 

appear to be independent of the TM ions, there have been conflicting observations 

of the availability of oxygen redox capability in lithium-rich materials depending on 

the type of constituting TM elements. For example, the anionic redox in Li2TiO3 or 

Li2SnO3 does not provide any practical capacity in a general electrochemical 
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window25-27, whereas the anionic oxidation in Li2MnO3, which has an identical 

layered structure, can deliver a significantly high charge capacity (Figure 2.2)28. 

Similarly, in a comparative examination of Li1.2Ni0.2TM0.6O2 (TM = Mn, Ru) 

compounds, the oxygen redox was triggered only for Li1.2Ni0.2Mn0.6O2 (2.0–4.8 V vs. 

Li/Li+), whereas Li1.2Ni0.2Ru0.6O2 presented negligible activity29. Recently, a few 

experimental and theoretical findings have shown that not only the type of TM but 

also the arrangement such as Li/TM disordering in lithium-rich materials can affect 

the electrochemical activity or stability of the oxygen redox30-33. Especially, in 

disordered layered (or rocksalt) structures such as Li2TiO3 or Li3NbO4, the activity 

and the potential of oxygen oxidation were observed to be significantly altered, 

which was further verified by replacing the cation sites with various 3d TM ions (e.g., 

V, Mn, Fe, Co, or Ni)30,31,34. These observations imply that some non-trivial 

interaction exists between the Li–O–Li states and TMs, which must be clarified with 

respect to the unified and general model mechanism of anionic redox reaction 

beyond the concept of the ‘non-bonding’ oxygen levels.  

In principle, the oxygen 2p orbital along the Li–O–Li axis excludes σ-type overlap 

with TM orbitals16. However, it has been predicted that some of the TM orbitals in 

the same plane with the oxygen 2p orbital can be physically close to each other, 

enabling π-type hybridization (Figure 2.3)35. According to the molecular orbital 

principle, π-type bonds formation of orbitals that participate in strong σ-type bonds 

is not favorable because they tend to weaken the σ-system18. However, when the Li–
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O–Li axis is formed, some O 2p orbitals can be divided from σ-type bonds and thus 

more interact with the M t2g orbitals of the TM. The π-type hybridization between 

TM and oxygen orbitals would lead to splitting of the energy levels into bonding and 

antibonding states, as illustrated in Figure 2.4, and thus, the energy of the Li–O–Li 

state should no longer be completely independent of the interaction with TM ions. It 

is worthy of mentioning that the oxygen redox potentials in most lithium-rich 

materials are known to be close to the upper boundary of the electrochemical window 

(4.2–4.6 V)11,13,28,31. It suggests that even with a slight change of the oxygen redox 

potential, the feasibility of oxygen redox reactions can be critically altered, thus the 

effect of the π-type hybridization should not be ignored. Despite the prediction that 

there is a non-negligible π-type interaction between the levels of M t2g and O 2p 

corresponding to the Li–O–Li based on the rigorous molecular orbital principle, the 

direct evidence of existence of π-type interaction and the precise dependence of the 

Li–O–Li state on neighboring cation environments has not yet been fully scrutinized 

theoretically and experimentally.  

Herein, we present a more comprehensive picture of the electronic structure of 

lithium-rich layered oxides by considering the correlation between the local oxygen 

environment and the redox activity of oxygen for a wide range of 3d transition-metal-

based Li2TMO3 compounds. We note that, by considering the dependence of the 

anionic redox potential on the neighboring environment, the Li–O–Li redox states 

can be better described as ‘weakly hybridized’ states instead of ‘non-bonding’ or 
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‘orphaned’ states, and in accordance with previous studies16, the anomalous of 

lithium-rich materials still stems from the weakly hybridized Li–O–Li states. The 

subtle effects of π-type interaction are exhaustively examined and are shown to have 

a remarkable impact on the oxygen redox potential and provide rational explanations 

for the inactivity/activity of oxygen redox in various Li2TMO3 compounds. 

Furthermore, a intuitive model of the electronic structure classified by the position 

of the M t2g state relative to that of the O 2p state is presented, which renders a facile 

and universal prediction indicator of the oxygen redox activity. Our findings enrich 

the current understanding of lithium-rich chemistries and provide robust guidelines 

to effectively maximize the contribution of oxygen redox reactions. 
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Figure 2.1. Schematic illustration of band structure of Li2TMO3. The inset shows 

the case where the Li–O–Li axis and M t2g are regarded as a pure unhybridized state. 

The red band represents oxygen character, and the blue band represents metal 

character. 
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Figure 2.2. (a) Electrochemical properties of honeycomb layered Li2MnO3 and 

Li2TiO3 at first cycle. (b) SEM images of synthesized Li2MnO3 and Li2TiO3. (c) XRD 

patterns of synthesized layered Li2MnO3 and Li2TiO3 with honeycomb ordering. 

Both compounds have a similar monoclinic structure, which are indexed to C2/m 

and C2/c space groups for Li2MnO3 and Li2TiO3, respectively36.  
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Figure 2.3. Schematic illustration of the case where the Li–O–Li axis forms 𝜋-type 

hybridization with neighboring transition metals 
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Figure 2.4. Schematic illustration of band structure for the case where the Li–O–Li 

axis and M t2g are regarded as a 𝜋-type hybridized state. 
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2.2 Computational and experimental details 

2.2.1 First-principles calculations 

All the calculations in this work were performed using the Vienna Ab Initio 

Simulation Package (VASP), which is based on density functional theory (DFT)37. 

Projector augmented wave (PAW) pseudopotentials were used, as implemented in 

VASP, and a plane-wave basis set was adopted with an energy cut-off of 500 eV for 

representing the wavefunctions38. The lattice and atomic positions were optimized 

until the residual forces were smaller than 0.02 eVÅ−1. To correct for the self-

interaction errors (SIEs) for 3d-based transition metals and oxygen39-41, the Heyd–

Scuseria–Ernzerhof (HSE06) hybrid functional was introduced for the exchange-

correlation energy42. It is well known that the generalized gradient approximation 

with Hubbard-U correction (GGA+U), which is mainly used for transition metal 

oxide calculations, does not provide accurate predictions of oxygen redox activity; 

therefore, the HSE06 hybrid functional was used for structural relaxation and density 

of states (DOS) calculation43. A 2 × 2 × 4 k-point mesh was used for structural 

relaxation and electronic structure calculation. Based on previous studies that 

reported a bandgap matching between the GW approximation and HSE06 according 

to the mixing parameters16, a mixing parameter of 0.2 was adopted for all the HSE06 

calculations based on bandgap calculation results (Figure 2.5). To verify the effect 

of number and species of TM, identical C2/m layered structure was employed44. A 
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supercell of disordered structure was prepared by systematically introducing two 

Li/TM anti-site disorders in the structure. Various types of oxygen local environment 

are present in this disordered model; three Li3TM3–O, eleven Li4TM2–O, four 

Li5TM1–O, and one Li6–O local coordination, respectively. One representative 

oxygen ion was selected from each group, and their electronic structure were 

analyzed. In detail, O 2p orbital of each oxygen can be classified according to its 

direction, Li–O–TM or Li–O–Li axis. We have separated Li–O–TM and Li–O–Li 

components as shown in Figure 2.6. The local configuration of the disordering 

structure with Li2MO3 composition was verified using a special quasi-random 

structure method (SQS) based on the Monte Carlo algorithm implemented in the 

Alloy Theoretic Automated Toolkit (ATAT) package45-47. The correlation function 

was considered up to triplet and set to be equal to at least the third nearest neighbor 

with a function of the statistically random compound. 

2.2.2 Material synthesis and electrode preparation 

To synthesize layered Li2MnO3, stoichiometric amounts of LiCH3COO∙2H2O (99%, 

Sigma-Aldrich), and Mn(CH3COO)2∙4H2O (99%, Sigma-Aldrich) were dissolved in 

distilled water containing appropriate amounts of resorcinol (99%, Sigma-Aldrich) 

and formaldehyde. The mixture was heated with continuous stirring at 70°C for 2 h 

and then at 90°C overnight without stirring. The final product was obtained by 

additional heat treatment at 500°C for 5 h and 900°C for 10 h with intermediate 
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grinding. Stoichiometric amounts of Li2CO3 (99.99%, Sigma-Aldrich) and TiO2 

(99%, Sigma-Aldrich) were mixed using a mortar and then heat treated at 500°C for 

5 h and 900°C for 10 h with intermediate grinding to obtain layered Li2TiO3. The 

electrodes for layered Li2MnO3 were fabricated using the following steps. A slurry 

of 80 wt% active materials, 10 wt% carbon black (Super P), and 10 wt% 

polyvinylidene fluoride dissolved in N-methyl-2-pyrrolidone (NMP; 99.5%, Sigma-

Aldrich) was cast onto aluminum foil. To compensate for the electronic conductivity 

of Li2TiO3, more carbon black was utilized with 70 wt% active materials, 20 wt% 

Super P, and 10 wt% polyvinylidene fluoride. The resultant mixture was dried in a 

70°C vacuum oven overnight to allow the NMP to evaporate. 

2.2.3 Electrochemistry 

Coin cells (CR2032, Hohsen) were assembled using the electrodes, a lithium 

counter electrode, a separator (GF/F filter, Whatman), and a 1 M solution of LiPF6 

in a mixture of ethyl carbonate and dimethyl carbonate (EC/DMC, 1:1 v/v) in an Ar-

filled glove box. The galvanostatic charge/discharge process was performed in the 

voltage range of 2.0–4.8 V at room temperature using a potentio-galvanostat (WBCS 

3000, WonA Tech). 
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Figure 2.5. Comparison of experimental results48 with tDOS calculations of Li2TiO3 

performed by HSE06 and GGA+U using various parameters.  
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Figure 2.6. Calculation result of pDOS of well-ordered Li2MnO3. Li–O–Li axis 

different from Li–O–M within the momentum space (x, y, z) of Li2MO3 ensures 

different electron distribution in a particular direction. 
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2.3 Result and discussion 

2.3.1 π-type interaction and change in oxygen energy state  

The redox properties of oxygen are expected to depend on the local environment 

and the nature of the first coordination sphere of oxygen16. In lithium-rich layered 

compounds, the oxygen is coordinated by six cations; a representative coordination 

structure is schematically illustrated in Figure 2.7. When the specific Li–O–Li bond 

is present in the octahedral coordination, the most likely factors to further affect the 

oxygen energy state would be the type and number of TM ions that constitute the 

rest of the coordinations. To verify this hypothesis, we first considered a simple 

model lithium-rich compound, Li2TiO3, and the oxygen energy state corresponding 

to Li–O–Li was probed as a function of the number of Ti ions coordinating the 

oxygen. In an ideal honeycomb structure Li2TiO3, all the oxygen ions are coordinated 

to four Li and two TM ions (the Li4TM2–O configuration in Figure 2.7). By altering 

the number of Ti coordinating the oxygen, the honeycomb Li2TiO3 was 

systematically disordered, such that local coordinations of oxygen such as Li3TM3–

O, Li5TM1–O, and Li6–O could be locally generated, similar to a partially 

disordered structure (Figure 2.8)49. In addition, it has been demonstrated that 

partially disordered Li2TiO3 can contain a local coordination of oxygen of at least on 

Li6–O in the supercell structure (Figure 2.9). Figure 2.10 presents the projected 

density of states (pDOS) of oxygen having these distinct local environments in 
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Li2TiO3. From left (a) to right (d), the pDOS of the oxygen in the Li3TM3–O, 

Li4TM2–O, Li5TM1–O, and Li6–O configurations are comparatively shown, where 

each pDOS of oxygen is normalized to one oxygen. The oxygen with local Li3TM3 

coordination in Figure 2.10(a) has no Li–O–Li axis, and thus, all the 2p orbitals form 

σ-type hybridization with the TM orbitals. It entirely corresponds to the bonding 

level of TM–O σ-type hybridization, in analogy with that of the conventional lithium 

transition metal oxides. However, the oxygen in Figure 2.10(b)–(d) has at least one 

Li–O–Li axis and, correspondingly, shows the signature of the Li–O–Li states. To 

precisely scrutinize the Li–O–Li states in these cases, we deconvoluted the oxygen 

states according to their bonding directions into Li–O–Li and Li–O–TM states and 

depicted them in red and yellow, respectively. Notably, the pDOS of the Li6–O 

energy level in Figure 2.10(d) reveals purely non-bonding oxygen states because 

they do not form either σ-type or π-type hybridization in Li2TiO3. The non-bonding 

oxygen states (Li6–O) are located at higher energy levels than the bonding level of 

TM–O states (Li3TM3–O), which is consistent with previous reports16. In contrast, 

the overall oxygen energy levels of the Li–O–Li states were predicted to be 

considerably lower in local Li4TM2–O (Figure 2.10(b)) and Li5TM1–O (Figure 

2.10(c)) coordinations than in the Li6–O state, implying the non-negligible π-type 

interaction with neighboring TM ions. Moreover, as more TM ions were coordinated 

to oxygen (Li6 → Li5TM1 → Li4TM2), the oxygen states of the Li–O–Li more 

clearly shifted to lower energy. This phenomenon is attributable to more TMs 
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contributing π-type hybridization to the single oxygen, which could further stabilize 

the oxygen state in Li–O–Li. The interactions were intensified as the number of 

available M t2g orbitals increased in the x- and y-axis directions, allowing more π-

type interactions for specific O 2p orbitals (Figure 2.3). This result is consistent with 

the previous finding on 4d TM-based materials that the bonding and antibonding 

levels of π-type hybridization are generally more separated as more TM ions are 

involved in the hybridization50.  
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Figure 2.7. Li2TMO3 honeycomb ordering layered supercell structure consisting of 

only Li4TM2–O local configuration.  
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Figure 2.8. Model structure for the calculation of honeycomb ordered Li-rich 

layered oxide and partially disordered Li-rich oxide. The partially disordered Li-rich 

oxide structure was formed by site exchange of 2 TM with Li at in 2b and 2c from 

the honeycomb ordered Li-rich layered oxide. 
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Figure 2.9. Generated disordering Li2MO3 supercell structure using special quasi-

random structure (SQS) method. In the rocksalt-based supercell, Li/TM occupied 32 

cation sites in a ratio of almost 2:1 (21:11), and oxygen occupied 32 anion sites. The 

generated structure ensures the presence of at least one Li6–O local configuration in 

Li2MO3. 
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Figure 2.10. Oxygen pDOS of various local structures that appear through the 

exchange of two pairs of Li and TM sites in the honeycomb layered Li2TMO3 (TM 

= Ti). The inset shows each local structure; the red region represents the pDOS of 

the Li–O–Li axis, and the yellow region represents the pDOS of the Li–O–TM axis. 
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2.3.2 Neighboring TM alters Li–O–Li energy states  

Inspired by the significant π-type interaction in the Li–O–Li states, we decided to 

further investigate their dependence on the local environment meticulously. In Figure 

2.11 and 2.12, the effect of an individual TM on Li–O–Li states is explored for the 

range of the Li2TMO3 structure (M: 3d TM elements), and the trends for each TM 

are presented for the two representative Li6–O and Li4TM2–O configurations in 

Figure 2.11 and 2.12, respectively. In each case of Li2TMO3, the same partially 

disordered supercells were employed as those in the previous section. Figure 2.11 

depicts the pDOS of oxygen in the Li–O–Li state corresponding to the Li6–O 

configuration, which is thought to have a negligible effect of TM. The Li6–O oxygen 

states are narrowly distributed for the Ti and V cases, indicating that the oxygen state 

is close to the ideal non-bonding state, whereas TMs with a greater number of d 

electrons show slightly broadened oxygen states. The center of the oxygen states is 

indicated by the black horizontal line in each graph. It implies that there exists a 

potential long-range interaction even with the oxygen surrounded solely by Li, 

particularly for late 3d transition metal layered oxides. Nevertheless, these oxygen 

states are the least hybridized for each Li2TMO3; thus, the absolute potential value 

can serve as a reference energy state in the relative comparisons of various oxygen 

states in each Li2TMO3, as will be discussed later. Figure 2.12 comparatively 

displays the pDOS of oxygen corresponding to Li4TM2–O configurations in the 

series of Li2TMO3. In each diagram, the specific oxygen level of the Li–O–Li state 
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is marked with the filled area within the total oxygen levels, whose center level is 

denoted with the orange horizontal line in comparison to that of the oxygen level 

from Li6–O as a reference (blue line). It is notable that the orange lines are located 

at considerably lower energy levels than the reference blue line for Li2TMO3 with 

early TM ions, whereas they become comparable to or the orange lines are higher 

than the reference blue line for late-TM-based Li2TMO3. The general trend is that 

from early TM (Ti, V) to late TM (Mn, Fe, Co, Ni), the relative oxygen energy of 

Li–O–Li in Li4TM2–O to that in Li6–O is gradually altered and inverts from 

Li2MnO3. This finding suggests that the oxygen level in Li–O–Li states can vary 

markedly with the local TM configurations and that its relative position with respect 

to the least hybridized oxygen level systematically swings from early to late TMs. 

This result implies that the π-type hybridization is distinctively displayed for all the 

‘unhybridized’ oxygen levels in Li–O–Li to some extent because of the presence of 

the first neighboring TM and that the π-type splitting can occur in dissimilar ways 

depending on the TM species, which will be elaborated in the following text.  

We speculated that these differences in the band arrangements of π-type 

hybridization could be elucidated by considering the relative energy level of intrinsic 

O 2p and M t2g orbitals. Figure 2.13 presents schematic illustrations of possible π-

type hybridization for two hypothetical conditions: the intrinsic unhybridized O 2p 

orbitals lying at lower energy levels than the M t2g orbitals (Case 1) or vice versa 

(Case 2). The bonding and antibonding levels from this π-type hybridization are 
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denoted as b1 and b1
*, respectively35. For Case 1 (O 2p < M t2g), the b1 level is 

primarily governed by oxygen character, whereas metal character is dominant at the 

b1
* level. The opposite applies to Case 2. According to ligand field theory, the relative 

level of M t2g is known to be dependent on the ligand field splitting energy (∆o)51. In 

the octahedral environment, the d-orbitals of metals are divided into upper-level M 

eg levels and lower-level M t2g levels as they interact with the p-orbitals of 

coordinated anion ligands (Figure 2.14). Assuming that TMs in the same row of the 

periodic table have nearly the same degenerated energy levels under a hypothetical 

spherical electric field, the energy gap between the M eg and M t2g levels would 

determine the relative position of the M t2g level in the series of Li2TMO3 compounds 

we consider here. A larger energy gap, denoted as ∆o (10Dq), would result in a lower 

energy of the M t2g levels, as depicted in Figure 2.14 (right). Here, D and q can be 

expressed as follows52:  

D = 
35𝑍𝐿𝑒

4𝑅5
,                       (1) 

q = 
2𝑒<𝑟4>

105
,                      (2) 

where ZLe is the charge on the ligand, e is the electron charge, R is the average 

interatomic distance between the metal and ligand, r is the radial distance of the 

electron from the nucleus, and <𝑟4> is the mean value of the fourth power of the 

radial distance of a 3d-orbital from the nucleus. Accordingly, the value of ∆o can be 

represented as follows: 
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∆𝑜= 10𝐷𝑞 =
5𝑍𝐿𝑒

2<𝑟4>

3𝑅5
=

𝑄<𝑟4>

𝑅5
,               (3) 

where Q is 
5𝑍𝐿𝑒

2

3
 , which is constant for the Li2TMO3 considered here. 

Concomitantly, the <𝑟4> term can also be assumed to be identical for TMs in the 

same row52. This suggests that the energy gap (∆o) is primarily differentiated for the 

Li2TMO3 compounds by the difference in the R term, the interatomic distance 

between the metal and ligand. In this regard, we plotted the average interatomic 

distance measured for the calculated honeycomb Li2TMO3 structures in Figure 2.15. 

Moving from left to right in the graph, the average interatomic distance between TM 

and O decreases from 2.02 to 1.89 Å. Correspondingly, the shorter interatomic 

distance of the later TM elements would lead to a monotonic increase of ∆o, which 

results in the M t2g bands being located at a lower energy level. This trend is also 

similar to the general voltage trend of transition metal species in conventional 

cathodes, where M t2g is considered to be an unhybridized state53,54.  

Considering the general observations of a monotonic increase of ∆o with late TMs, 

the theory proposes that early-TM-based Li2TMO3 compounds are likely to belong 

to Case 1 (O 2p < M t2g), whereas Case 2 becomes dominant for late-TM-based 

Li2TMO3 compounds. Accordingly, as discussed in Figure 2.13, the π-type 

hybridized oxygen states (b1 or b1
*) would be differently positioned in each case in 

reference to the unhybridized state (blurred orange color). Returning to the 

calculated pDOS of Li2TMO3 in Figure 2.12, it is noted that the oxygen energy level 
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of Li6–O (blue line) is far higher than that of Li4TM2–O (orange line) for Li2TiO3 

and Li2VO3. This finding is in line with the fact that the unhybridized states are 

located at a higher energy level than b1 in Case 1 when the metal-nature b1
* is empty 

for early TMs. On the other hand, the pDOSs of Li2MnO3, Li2FeO3, Li2CoO3, and 

Li2NiO3 display that the oxygen energies of Li6–O become systematically lower than 

the center of π-type hybridized Li–O–Li states (Li4TM2–O). It remarkably agrees to 

that, in Case 2, the unhybridized oxygen state lie at a lower energy level than the 

oxygen-nature b1
*, which is likely to be filled in late-TM-based Li2TMO3 compounds. 

It is also noteworthy that for Li2CrO3, the center of the π-type hybridized state is 

similar (or slightly lower) to that of the unhybridized state, which indicates that Cr 

lies in the transition between Case 1 and Case 2. These findings suggest that the 

energy level of M t2g orbitals, which is determined by the type of TM ions, dictates 

the relative position of π-type hybridized Li–O–Li states, implying the consequent 

influence on the oxygen redox potential in an electrochemical process.  
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Figure 2.11. Oxygen pDOS of Li6–O local configuration, where the filled and 

unfilled areas indicate the oxygen states along the Li–O–Li and all axes, respectively. 

The blue and orange lines represent the band center of the unhybridized Li–O–Li 

states and 𝜋-type hybridized Li–O–Li states, respectively. 

 

 

 

 



36 

 

 

 

 

 

 

Figure 2.12. Oxygen pDOS of Li4TM2–O local configuration, where the filled and 

unfilled areas indicate the oxygen states along the Li–O–Li and all axes, respectively. 

The blue and orange lines represent the band center of the unhybridized Li–O–Li 

states and 𝜋-type hybridized Li–O–Li states, respectively. 
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Figure 2.13. Schematic diagram of band structure that can be formed depending on 

the relative positions of O 2p and M t2g. The red and blue colors indicate oxygen and 

metal character, respectively. The orange shaded region is the energy level of the 

Li6–O state, the unhybridized O 2p level. 
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Figure 2.14. Energy level of M t2g orbitals depending on the value of 10Dq. 
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Figure 2.15. Trends of average TM–O distance for various TM species in Li2TMO3 

compounds. 
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2.3.3 General indicator of oxygen redox activity in 3d-metal-based 

Li2TMO3 

From this understanding, a more comprehensive picture of the oxygen redox 

activity can be established for Li2TMO3 compounds, as shown in Figure 2.16 and 

2.17. In Figure 2.16, we recalculated the total density of states (tDOS) of well-

ordered honeycomb Li2TMO3 compounds (containing only Li4TM2–O, no Li6–O, 

Li5TM1–O, Li3TM3–O), where the pDOS of O 2p and M 3d are displayed in red 

and blue, respectively. In each tDOS, we additionally plotted the approximate 

position of the oxygen energy of Li6–O configurations as a indicator of intrinsic O 

2p state in the blurred orange region based on the results of Figure 2.17 as a reference 

energy state. Note that the ordered Li2TMO3 structure only contains oxygen atoms 

within Li4TM2–O configurations and is free of the Li6–O local environment. Figure 

2.16 demonstrates that the oxygen energy levels in each Li2TMO3 compound are 

located at quite different relative positions in comparison to the least hybridized Li6–

O reference oxygen level. The most obviously contrasting cases are observed for 

Li2TiO3 and Li2MnO3. For Li2TiO3, the O 2p energy level is near the Fermi level; 

however, its relative energy is far below that of the Li6–O oxygen reference. This 

finding implies that upon a hypothetical delithiation, the oxygen oxidation should 

occur first in Li2TiO3; however, considering the significantly low energy level of the 

oxygen compared with the Li6–O oxygen reference, a substantially high oxidation 

potential would be required to trigger it. In contrast, in Li2MnO3, the O 2p energy 
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level is well above that of the Li6–O oxygen but is also near the Fermi level, similar 

to Li2TiO3. It suggests that the oxygen oxidation from O 2p would be much more 

facile in Li2MnO3, which is consistent with previous experimental observations5,28.  

We believe that a similar discussion can be commonly applied to other Li2TMO3 

compounds, and more quantitative analysis can be performed in consideration of the 

relative energetics and number of d-electrons in each TM. To this aim, we 

schematically redrew the π-type hybridization of b1 and b1
* states from O 2p and M 

3d along with the Li6-O oxygen reference based on the results of Figure 2.16. In 

Figure 2.17, we accounted for the increasing ∆o from the early to late TMs; thus, the 

relative M t2g levels were correspondingly lowered for late-TM-based Li2TMO3 

compounds based on ligand field theory. It illustrates how these b1 and b1
* states are 

occupied by the number of electrons for each TM system from Ti to Ni. It is depicted 

that the character of the valence band maximum (VBM) is determined by the number 

of electrons filled in the π-type hybridized states and varies between cationic and 

anionic nature depending on the TMs. Notably, this simple picture, which agrees 

with the calculated tDOS, clearly explains how each Li2TMO3 exhibits different 

anionic redox activity. For Li2TiO3, the b1
* state is unoccupied; thus, the initial 

oxidation would first deplete the b1 state, which has the oxygen character. The 

electrochemical charging of the Li2TiO3 would, therefore, primarily occur via 

anionic redox reaction, while the oxidation potential would be practically too high, 

as discussed earlier. The examination of the VBM of other compounds also visibly 
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exemplifies how either the anionic or cationic redox reaction or both subsequently 

occur at the initial charging of Li2TMO3 electrodes. As one more d-electron than Ti 

is populated in V, the oxidation should begin with extraction of the electron in the 

b1
* state with the metal-dominant character. It is thus proposed that the cationic redox 

reaction is likely to occur during the initial charging of Li2VO3. This speculation is 

remarkably consistent with the experimental findings that verified the V4+/5+ redox 

during the early charging of Li2VO3.55,56. The b1
* state in Li2CrO3 presents 

competitively mixed cationic and anionic properties in the VBM, suggesting that the 

cationic redox reaction would partly overlap with the anionic redox activity, which 

has not been experimentally examined to date. Notably, the exclusive oxygen redox 

observed during the charging of Li2MnO3 in previous experimental and theoretical 

works is consistent with our findings5,28. As discussed earlier, the Fermi level of 

Li2MnO3 is dominated by the oxygen states; thus, the electrochemical oxidation 

would occur via the anionic redox reaction. The schematic VBM explicates that the 

b1
* state is in the anionic nature in Li2MnO3, and the occupied b1

* state constitutes 

the VBM, thus the initial charging is governed by the anionic redox reaction. For 

Li2FeO3 and Li2CoO3, although no experimental evidence has been reported, it is 

proposed that the oxygen redox reaction would be predominant when the 

electrochemical oxidation is feasibly conducted for this material. Finally, the VBM 

suggests that the Li2NiO3 would manifest the oxygen oxidation in the 

electrochemical charging, for which experimental evidence was previously 
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witnessed by Stoyanova et al. in 200357. These series of findings are attributed to the 

systematic down-shift of the M t2g energy level in the late TMs, which endows π-

type hybridization b1
* states with anionic character. 

These simple diagrams incorporating the effects of π-type interaction offer a rough 

estimation of the anionic redox potential (or voltage vs. Li/Li+) in each Li2TMO3 

electrode, even for electrodes for which the anionic redox reaction was not observed 

in practical experiments. In the estimation, we took advantage of the widely reported 

experimental redox potential of Li2MnO3 as a reference. The anionic redox potential 

of Li2MnO3 has been reported to be close to 4.5 V (vs. Li/Li+)5,28, which corresponds 

to the b1
* level in our calculations. Because Li2CoO3 and Li2NiO3 belong to the same 

group of Case 2 (O 2p > M t2g) with the b1
* level of oxygen character, the anionic 

redox reaction of these materials is expected to occur analogously to that of Li2MnO3. 

However, the absolute energy level of the b1
* state should decrease with Mn → Fe 

→ Co → Ni, considering the decrease of the absolute energy level of M t2g due to 

energy splitting with increasing number of d electrons. It implies that the voltage 

required to oxidize the b1
* level should increase from Mn to Co and Ni, where that 

in Li2NiO3 would be the highest. It also infers that the anionic redox reactions in 

Li2CoO3 and Li2NiO3 are unlikely in practical lithium cells with the upper voltage 

range limited below 4.5 V (vs. Li/Li+). Indeed, in Li2NiO3, the oxidation of oxygen 

has been observed experimentally at over 4.8 V57, which is higher than the typical 

anionic redox potential of Li2MnO3. For Li2CrO3 with O 2p ≈ M t2g, electrons can 
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also be extracted at the b1
* level, where competitive cationic and anionic properties 

have been observed in our calculation results. Nevertheless, the b1
* level is expected 

to be higher than that in Li2MnO3, signifying that Li2CrO3 can be oxidized below 4.5 

V, partly exploiting the anionic redox reaction, which implies the potential 

availability of Li2CrO3 as cathode materials. However, for Li2TMO3 with O 2p < M 

t2g, although the b1
* level is expected to lie at higher energy than that in late TMs, it 

is mostly cationic in nature; thus, the electrochemical reaction would primarily 

involve the TM redox reaction. Interestingly, the b1
* level in Li2VO3 is partially filled 

with electrons, and previous studies have shown that the capacity could be displayed 

via the V4+/5+ redox activity at relatively low voltages (vs. Li/Li+)55,56. Li2VO3 after 

the full cationic redox capacity and Li2TiO3 may be eligible for the anionic redox 

reaction potentially from the b1 level with oxygen character instead of the b1
* level. 

However, the b1 level lies far lower than that of the Li6–O oxygen reference. 

Considering the relative position of the Li6–O oxygen reference in Li2MnO3, the 

extraction of electrons at the b1 level is thought to occur only at much higher voltage 

than 4.5 V, which would prohibit the utilization of the oxygen redox in the 

electrochemical window. This prediction is consistent with recent experimental 

results on layered Li2TiO3 electrodes25,26.  

One rational strategy to promote the anionic redox in this type of material is to tune 

the energy level of the oxygen state and upshift the oxygen-dominant b1 level. This 

can be strategically achieved by altering the degree and extent of π-type 
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hybridization. One good example is to induce extensive Li/TM disordering in the 

structure to generate many Li6–O local environments. As previously discussed in 

Figure 2.10, as the number of coordinating TMs decreases, energy splitting due to π-

type interaction decreases, leading to the rise of the b1 energy level, particularly for 

early TMs. Once the b1 energy level gets close to Li6–O with a large amount of 

oxygen local environment with reduced TM coordination through disordering, the 

anionic redox voltage is likely to become more easily accessible. We speculate that 

this behavior also partly explains the anionic redox activity observed in many 

disordered rocksalt structures22,58. Various TMs in the disordered rocksalt structure 

can display the anionic redox reaction at relatively similar voltages even for early 

TMs, for which the anionic redox cannot be exhibited in the ordered layered structure. 

The future research in these materials thus should focus on tailoring the local oxygen 

environment of Li6–O in the structure considering its critical role in the occurrence 

of the anionic redox reaction.  
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Figure 2.16. tDOS of honeycomb ordering layered Li2TMO3 (TM = Ti, V, Cr, Mn, 

Fe, Co, Ni). 
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Figure 2.17. Schematic illustration of electronic band structures of honeycomb 

ordering layered Li2TMO3 (TM = Ti, V, Cr, Mn, Fe, Co, Ni). The number of each 

molecular orbital was normalized per oxygen. The black dots represent electrons, 

and the size of the dots indicates their contribution. The red, blue, and yellow 

blurring on each state indicate oxygen dominant, metal dominant, and metal and 

oxygen competitive character, respectively. 
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2.4 Concluding remarks 

We investigated the conditions under which oxygen redox can be activated in 

various lithium-rich layered oxide materials, and the underlying mechanisms for the 

different oxygen potentials were proposed with considerations of the local oxygen 

environment governed by the potential minor interactions with surrounding TMs. 

Our results indicate that the Li–O–Li axis, which has been recognized as the non-

bonding level in the lithium-rich cathode local structure, indeed has nontrivial π-type 

interaction with oxygen neighboring transition metals and that the number and type 

of neighboring transition metals are critical factors for modulation of the Li–O–Li 

energy level. Accordingly, we demonstrated that the number of neighboring 

transition metals determines the energy variations by varying the intensity of the π-

type interaction. It was also shown that the oxygen redox feasibility can be 

successfully estimated from the number of electrons in the M t2g energy level and the 

position of the M t2g energy level relative to the O 2p energy level, where the 

competition between cationic and anionic redox reaction is governed by the shift of 

the M t2g energy level depending on the type of TMs. We presented a clear picture of 

the role of TMs and the energetics in the oxygen redox reactions and further 

demonstrated the possibility of facilitating the oxygen redox within the practical 

electrochemical window through the rational selection of appropriate transition 

metals, local ordering, and combinations thereof. These findings enrich our 

fundamental understanding of lithium-rich cathode materials, which will lead to a 
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more in-depth dialogue on oxygen redox chemistry. 
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Chapter 3. Superposition of slab gliding and transition 

metal migration leads to irreversibility and redox 

asymmetry in lithium-rich layered oxides 

The content of this chapter will be submitted to a scientific journal.  

3.1 Introduction 

For further market expansion of electric vehicles and smart grids, it is essential to 

dramatically improve the energy density of lithium-ion batteries1,2. Lithium-rich 

layered oxides are considered a class of promising candidates for next-generation 

cathodes with extraordinarily high energy density3 as they exploit the anionic redox 

capacity in addition to the conventional cationic redox capacity4. However, the use 

of anionic oxygen redox has been shown to result in various issues, such as voltage 

hysteresis and large irreversible capacity, which have been attributed to the structural 

degradation of the host materials during oxygen redox5-10. 

Out-of-plane cation migration, which means the migration of transition metal (TM) 

ions from the TM layer to the Li layer, is a representative type of structural 

disordering observed during the oxygen redox. It has been reported that a significant 

amount of out-of-plane cation migration occurs from the very first charge of 

electrodes6,11, with this amount gradually increasing over subsequent cycles12. In 
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addition, the out-of-plane cation disordering has been observed to be closely related 

to electrochemical degradation, as the amount of disordering is proportional to the 

extent of decrease of the discharging voltage6,11,12. On the other hands, it has been 

recently reported that the cation migration can also occur in the lateral direction, 

where TM ions move to the vacant sites in the same TM layer13,14. Such in-plane 

cation migration was first observed in P-type Na-based electrodes in which out-of-

plane TM migration is structurally prohibited by the large site mismatch between the 

TM ions and prismatic sites13. More recently, these structural changes have also been 

observed in O-type Li-based electrodes, with the claim that these changes induce the 

voltage hysteresis14.  

The problem of cation migration phenomena in preserving the voltage retention is 

that cation migration is only partially reversible during charging and discharging. 

Some of the TM ions that migrated during the charging process cannot completely 

return to the original sites during the subsequent discharge and are irreversibly 

trapped in the Li layer or other Li sites6,12,14,15. If the intra-cycle migration path is 

symmetric as cations pass through the same path during charging and discharging, 

the cation disordering would be highly reversible. However, in some cases, the intra-

cycle migration path of cations was observed to be asymmetric10; in that case, the 

return of cations is likely to be delayed, as the return path becomes complicated, or 

entirely prohibited. Importantly, the reversibility of cation migration varies 

considerably with the type of electrode material16; therefore, it is important to 
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understand the factors governing the reversibility.  

Additional transitions excluding TM migration during the charging/discharging 

process can increase the complexity of the structural evolution, thus affecting the 

structural reversibility. It is noteworthy that most electrode materials with layered 

structures undergo slab gliding during the charging process. The O3-to-O1 slab 

gliding has been observed for a wide range of lithium-stoichiometric materials (for 

example, LiCoO2 and LiNiO2) and lithium-rich layered materials17-19. Especially in 

lithium-rich layered oxides, O1 stacking can be divided into several types depending 

on the vertical arrangement of honeycomb superstructures, as illustrated in Figure 

3.1. There is the case where the honeycomb orderings of each TM layer are 

completely overlapped when viewed from the z-direction, denoted as O1–β stacking, 

or where the honeycomb orderings can intersect each other, denoted as O1–α 

stacking. The O1–α and O1–β stackings share the same oxygen framework and differ 

only in terms of the vertical arrangement of the honeycomb superstructure20. It has 

been generally observed for lithium-rich layered oxides that the transition from O1–

α to O1–β stacking occurs during the deep charge of electrodes19,21. Of great 

significance is that depending on the combinations of lateral slab gliding and out-of-

plane cation migration, various cation pathways can exist, complicating the 

restoration of the original cation arrangements. Nonetheless, despite these 

implications, the dynamic relationships between slab gliding and cation migration, 

and their effects on structural and electrochemical reversibility, have yet been studied 
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in detail. 

In this work, we present a model that can explain the irreversible phase transition 

of lithium-rich layered oxides by offering a comprehensive understanding of 

additional factors that can provide degrees of freedom to structural transitions in the 

oxygen redox region. Slab gliding, a lateral movement that can occur during charging 

in a layered structure, combines with vertical movements such as out-of-plane TM 

migration to increase structural complexity and further intensifies during discharging. 

Many of the irreversible/asymmetric pathways have been observed to be 

spontaneous processes, and the final disordered structures include experimentally 

reported 'in-plane disordering' and 'TM trapped in Li layer', indicating structural 

irreversibility and redox asymmetry. We also observed that the formation of the 

finally disordered structures is more likely to be generated via pathways mediated 

by slab gliding and out-of-plane TM migration than by direct TM migration. Our 

findings suggest an intuitive model for the irreversible structural evolution of 

lithium-rich layered oxides and unveil that the control of slab gliding may be a key 

factor for achieving reversible oxygen redox reaction. 
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Figure 3.1. Structure and motif of O1–α and O1–β stackings 
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Figure 3.2. Supercell structures of Li2-xRuO3 (x = 0) with three different stacking 

sequences. 
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3.2 Computational and experimental details 

3.2.1 First-principles calculations 

The first-principle calculations were performed using the Vienna ab Initio 

simulation package(VASP), which is based on density functional theory(DFT)22. To 

precisely match the experimentally obtained interlayer distance of layered structure, 

exchange-correlation energies were treated with spin-polarized GGA+U 

parametrized using the optB86b-vdw functional. The applied optB86b-vdw 

exchange-correlation functional has been shown to describe the experimental 

interlayer distance better than the Perdew–Burke–Ernzerhof (PBE) functional in 

similar layered cathode materials23,24, and is known to exhibit the best performance 

among several vdw correction functions25. Effective U value of 4.0 is applied for 4d 

Ru atom, consistent with the values of previous work15. To describe the interactions 

between the valence electrons and ionic cores projector augmented wave (PAW) 

pseudopotentials were used, and a plane-wave basis set was used with 500 eV of cut-

off energy. All of atom coordinates and lattice parameters were optimized with 

conjugate gradient energy minimization until the forces were less than 0.02 eVÅ−1. 

The integration of Brillouin zone was conducted in a k-point mesh of 2 × 2 × 1 for 

structural relaxation and 3 × 3 × 2 DOS calculation.  

3.2.2 Material synthesis and electrode preparation 
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Li2RuO3 was synthesized by the conventional solid-state method. A total 3g batch 

of stoichiometric amounts of Li2CO3 (> 99.0 %, Sigma-Aldrich) and RuO2 (99.9 %, 

Sigma-Aldrich) was used. The precursors were wet ball milled with acetone for 24 

h. Then, the mixture was heat-treated at 500 °C for 5 h and 900 °C for 12 h with 

intermediate grinding. 80 wt% of active material, 10 wt% of carbon black, and 10 

wt% of polyvinylidene fluoride were dissolved in N-methyl-2-pyrrolidone (NMP; 

99.5 %, Sigma-Aldrich) for electrode preparation. The slurry was casted on the 

aluminum foil, and after then, was dried in a 70 °C vacuum oven for 24 h to evaporate 

NMP solution. Cells were assembled with this working electrode, a lithium counter 

electrode, a separator (GF/F filter, Whatman), and a 1 M solution of LiPF6 in a 

mixture of ethyl carbonate and dimethyl carbonate (EC/DMC, 1:1 v/v) in an Ar-filled 

glove box. 

3.2.3 Operando X-ray diffraction 

Operando XRD analysis was performed on a PANalytical X’Pert Pro diffractometer 

with a Cu-Kα source at room temperature using coin-cell type cells with Li metal as 

the anode. For electrochemical cycling, the current density was 25 mA g−1 with a 

potential range of 2.0–4.6 V. During the cycling process, a single X-ray diffraction 

pattern was recorded for 20 min and continuously measured using a PIXcel 1D 

detector (PANalytical). The 2D images of the XRD patterns were processed using 

Highscore Plus software (PANalytical). 
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3.3 Result and discussion 

3.3.1 Simultaneous occurrence of slab gliding and TM migration  

Figure 3.3 shows the formation energy of O3, O1–α, and O1–β stackings as a 

function of lithium concentration for Li2-xRuO3 (0 ≤ 𝑥 ≤ 2 ). We also considered 

hybrid structures of O1–α and O1–β stackings because both motifs share the same 

oxygen framework (see Figure 3.4 for the details of the hybrid structures). In the 

early charging region (0 ≤ 𝑥 < 1) based on Ru redox26,27, the O3 stacking sequence 

was observed to be the most stable. When 𝑥 = 1  is reached, the O1–α stacking 

becomes the most stable, suggesting the O3-to-O1 phase transition. In particular, the 

hybrid structures of O1–α and O1–β phases were calculated to be the most stable in 

the range of 1 < 𝑥 < 1.5, and thus, the O1–α phase at 𝑥 = 1 was predicted to be 

gradually converted into O1–β phases in that range. The stacking change behavior 

of Li2-xRuO3 was also confirmed experimentally using operando X-ray diffraction 

(XRD), as shown in Figure 3.5. The (002) peak of the pristine Li2RuO3 electrode 

(middle panel in the figure, 2θ = 18.28°) matches well with that of simulated O3-

Li2RuO3(2θ = 18.25°). In addition, the O3 stacking was maintained until charging 

up to Li1.25RuO3 with a slight low-angular shift of the peak, corresponding to the 

increase in the interlayer distance. Afterwards, a new peak emerged at 2θ = 18.59° 

for x = 0.75, indicating the two-phase coexistence of O3 and O1–α phases, and the 

phases were completely converted into O1–α phases at x = 1, consistent with 
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previous reports26. The newly emerged peak further shifted to higher angle upon 

charge from 2θ = 18.94° at x = 1.01 to 2θ = 19.25° at x = 1.85. We calculated the 

XRD patterns of hybrid structures with different O1–α:O1–β ratios, and a shift of the 

peak position to higher angle was observed with increasing portion of the O1–β 

phase. Therefore, the operando XRD results indicate that the O1–α phase is gradually 

converted into O1–β phases in the range of 1 < 𝑥 ≤ 1.85, and the main peak of 

Li0.15RuO3 (2θ = 19.25°) corresponds to that of the calculated hybrid structure with 

an O1–α:O1–β ratio of 1:1. Theoretical and experimental analyses commonly 

demonstrate that the O1–α to O1–β stacking change occurs gradually in the region 

of Li2-xRuO3 (𝑥 > 1).  

It is noteworthy that the region where the O1–α to O1–β transition occurs (1 ≤ 𝑥 ≤

2 ) coincides with the region in which Ru migration is observed. Therefore, to 

precisely trace Ru migration pathways, it is necessary to understand in detail the 

dynamic relations of the stacking change and Ru migration behavior. Figure 3.7 

presents the calculated Ru migration energies in Li2-xRuO3 ( 1 < 𝑥 ≤ 2 ). 

Representative out-of-plane and in-plane Ru migrations were considered for O3, 

O1–α, and O1–β stacking structures of each lithium content. The results indicate that 

Ru migration could not occur in all the stacking structures of Li1RuO3 where the Ru-

based redox process was completed. However, the additional charging induces 

spontaneous in-plane and out-of-plane migration for Li0.75RuO3 with O1–α and O1–

β excluding the O3 stacking sequence. For all subsequent lithium contents, further 
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delithiation clearly leads to Ru migration for all the stacking sequences. Particularly, 

O1–α and O1–β, the major stacking components in this range, were observed to be 

more susceptible to in-plane or out-of-plane migration than the O3 stacking sequence. 

It was observed that in-plane and out-of-plane TM disordering that occurred in the 

high state of charge region remained in the structure irreversibly even after 1 cycle15. 

Taken together, TM migration can occur spontaneously in the late-charge regime of 

Li2-xRuO3 (1 < x ≤ 2), which clearly indicates that it can occur simultaneously with 

the O1–α to O1–β stacking sequence change. 
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Figure 3.3. Formation energies of each stacking sequence (O3, O1–α, O1–β, hybrid 

O1–α and O1–β) as a function of Li content. The relative energies are presented with 

respect to the value of the O3 stacking sequence. 30 different configurations were 

considered for each Li concentrations, the most stable energies are shown in bold 

and the others are dimmed. 
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Figure 3.4. Hybrid supercell structures of three different Li2-xRuO3 with two kinds 

of stacking motif. Li ions are omitted. 
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Figure 3.5. (left) First charge–discharge profile of Li2-xRuO3 (0 ≤ x ≤ 1.85). (middle) 

Operando XRD pattern of Li2-xRuO3 (0 ≤ x ≤ 1.85). (right) Simulated (002) peaks 

calculated for O3- and O1-Li2-xRuO3 (0 ≤ x ≤ 1.85). O3 stacking was calculated for 

x = 0, 0.75, O1–α stacking for x = 1, hybrid and O1–β stacking for x = 1.5. 
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Figure 3.6. Detailed comparison of calculated X-ray diffraction pattern and 

operando X-ray diffraction pattern during the first charge. 
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Figure 3.7. TM migration energies calculated for Li2-xRuO3 (1 ≤ x ≤ 2). Only the 

most stable migration energies are shown for each lithium content. In-plane 

migration indicates the migration of the Ru ion to the neighboring vacant octahedral 

site in the same TM layer. The out-of-plane migration indicates that the Ru ions 

migrate to the neighboring tetrahedral site in the Li layer for O3 and to the octahedral 

site in the Li layer for O1–α and O1–β. 
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3.3.2 Asymmetric pathways and structural irreversibility resulting 

from the combination of slab gliding and TM migration 

During the charging–discharging process, the simultaneous occurrence of slab 

gliding in the horizontal direction and out-of-plane TM migration in the vertical 

direction can give rise to a variety of structural transformation pathways. 

Consequently, to precisely monitor the TM migration pathways, it is important to 

examine all the symmetric and asymmetric combinations of slab gliding and TM 

migration. For rational modeling, we assumed that one slab gliding and out-of-plane 

TM migration could occur sequentially during charging and discharging, and it 

generated two symmetric and two asymmetric cases, respectively, as shown in Figure 

3.8. In each case, Step 1 → 3 corresponds to structural changes in the charging 

process, and Step 3 → 5 corresponds to structural changes in the discharging process. 

From the results in the previous section, it can be inferred that during each gliding 

process, the slab gliding can occur from O1–α to O1–β during charging and from 

O1–β to O1–α during discharge. Assuming the O1 structure during the charge 

process, the TM ion in its original site can move to the octahedral site in the Li layer 

that shares face with the original site. This lithium-layer site shares a face with either 

a Li vacancy or TM ion of the other adjacent TM layer. Thus, the TM that migrated 

to the Li layer, in combination with slab gliding, can occupy two types of sites 

depending on the type of face-sharing sites in the adjacent TM layer at the end of the 

charging (Figure 3.9). During the discharge process, the TM that migrated to the Li 
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layer is again combined with horizontal and vertical direction movements, which 

exposes it to a more diverse local environment and further increases its complexity. 

It is of particular importance that the combinations of slab gliding and TM migration 

behaviors can be asymmetric during the charge and subsequent discharge process. 

The TM ion that is migrated during the charge would return to its original site and 

restore the perfect layered structure after the end of discharging if the intra-cycle 

structural transformations occur perfectly symmetrically. However, if the backward 

structural transformation during discharge differs from those of charging, the 

migrated TM ions can return to sites distinct from the original position. Specifically, 

when the migrated TM of the Li layer loses the face-sharing relationship with its 

original position by gliding, it can move to another neighboring vacant site. In this 

case, the migrated TM can move to the Li-vacancy site of the honeycomb ordering 

in the original TM layer (‘Surrounded by 5 TM ions’) or the Li vacancy site of the 

honeycomb ordering in the adjacent TM layer (‘Surrounded by 6 TM ions’). 

Additionally, if all face-sharing sites above and below the migrated TM are occupied 

by other TMs through gliding, the migrated TM can be trapped in the Li layer (Figure 

3.9). Considering the slab gliding between O1–α/O1–β phases and forward and 

backward TM migrations represented in Figure 3.10, a total of 20 distinct paths of 

intra-cycle structural transformations are possible for Li2-xRuO3, as shown in Figure 

3.11 and Table 3.1. 

On the left side of Figure 3.12, the energy landscape for 20 symmetric/asymmetric 
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pathways considered is visualized. Most of the symmetric paths tend to be 

spontaneous during the charging process, whereas they have an energy penalty 

during the discharging process when comparing energies at the same lithium content. 

In addition, similar to the symmetric pathways, most of the asymmetric pathways 

are spontaneous on charge. However, on discharge, some of the asymmetric 

pathways exhibit similar or higher energy penalties as the symmetric pathways, 

whereas others clearly exhibit downhill processes for all the charging and 

discharging processes. This finding indicates that asymmetric pathways exist that are 

preferred over symmetric pathways that return to their original structures during 

charging and discharging.  

To investigate the detailed structural evolution mechanism, we selected two 

symmetric pathways that restore the original structure and three asymmetric 

pathways that contain all different types of final disordered structures. The energy 

landscape for the selected pathways is re-plotted on the right side of Figure 3.12, and 

a detailed map of the structural evolution is presented in Figure 3.13. In the cases of 

symmetric paths ([1] and [2]), the sequence and direction of slab gliding and TM 

migrations are exactly opposite during charging and discharging; therefore, the 

electrodes can recover their original structure after cycling. However, because the 

structural transformations of charging and discharging in these paths are perfectly 

symmetrical, if an energetically downhill process during occurs charging, it 

inevitably becomes an uphill process during the discharging process, as indicated by 
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the red line on the right side of Figure 3.12.  

However, if the sequence of structural changes follows an asymmetric path during 

charging and discharging, a structure different from the original structure can be 

derived after discharging. For representative asymmetric paths, TM migration and 

slab gliding can occur repeatedly in the same sequence during both charge and 

discharge. In the asymmetric path [3], the TM that migrated to the Li layer via 

sequential TM migration and slab gliding during the charging process cannot recover 

the face-sharing relationship with the original position unless slab gliding occurs first 

in the subsequent discharging process. At step 4, if the migrated TM moves to the 

upper TM layer and gliding to O1–α sequentially occurs, an asymmetric path can be 

formed, resulting in an in-plane disordered structure. Interestingly, as in the 

asymmetric pathway [4], if slab gliding and TM migration occur sequentially during 

the charging process, the migrated TM ions after slab gliding during the discharging 

process share planes with the TM ions in the upper and lower TM layers (Step 4). 

Then, the return of the TM ion to the original layer becomes inaccessible due to the 

blockage of the migration path, which penalizes the structural reversibility. Because 

the migrated TM ions face TM ions in both the original layer and the adjacent TM 

layer, they are consequently trapped in the Li layer after discharging. The asymmetric 

pathways [3] and [4] are spontaneous processes over all steps, as shown in Figure 

3.12, which partially accounts for the previously observed 'in-plane disordering' 

structures13,14 and 'TM trapped in Li layer' structures15.  
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In addition, the asymmetry of structural changes can be induced even when the 

sequence of slab gliding and TM migration is symmetric, as in path [5]. After TM 

migration to the Li layer has occurred, if the migrated TM shares a plane with the 

TM ions of the lower TM layer, it can be trapped between the TM ions of the upper 

and lower TM layers by sequential slab gliding at a high state of charge. Even if slab 

gliding occurs first in the reverse order of the charging process during the discharging 

process, the face-sharing relationship with the original site is lost when the migrated 

TM results in slab gliding along with the upper TM layer. In this case, because the 

Li-vacancy site in the center of the honeycomb of the lower TM layer is empty, there 

is a possibility that the migrated TM will migrate to this site; however, the calculation 

result of path [5] indicates that this migration is energetically unfavorable.  

Taken together, these results clearly indicate that the disordered structures where in-

plane cation disordering occurs (path [3]) or where a TM ion is trapped in the Li 

layer (path [4]) can be generated after charging and discharging as a result of 

dynamic combinations of slab gliding and TM migration. Therefore, during the 

charging and discharging process, the possible structural change mechanisms can be 

diversified through the combination of slab gliding and TM migration, and the 

spontaneity of subsequent steps is highly dependent on the structural pathways. 
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Figure 3.7. Two different O1−α stacking and O1−α + O1−β (3 : 1) hybrid stacking 

in Li2-xRuO3 (x = 1.16) prepared for defects calculation. Li ions are omitted. 
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Figure 3.8. Sequential combination of slab gliding and TM migration. The 

combinations are divided into two symmetric sequences and two asymmetric 

sequences depending on the order of each process. 
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Figure 3.9. Consideration for combination of slab gliding and TM migration. During 

the charging process, slab gliding from O1−α to O1−β occurs, and out-of-plane TM 

migration to the Li layer can occupy two types of sites. During the discharge process, 

slab gliding occurs from O1−β to O1−α and migrated TMs can re-migrate to occupy 

four different types of sites. 
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Figure 3.10. Structural evolution map during charging and discharging. The total 

path includes 6 structural evolution paths during the charging process, and 14 

structural evolution paths during the discharging process. 
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Figure 3.11. All kinds of disordered structures that can be formed by slab gliding 

and out-of-plane TM migration during charging and discharging. 
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Figure 3.12. (left) Energy landscape for all symmetric and asymmetric pathways. 

(right) Energy landscape for representative symmetric and asymmetric pathways. 

The paths are referred to as paths [1]-[5]. The final structures via symmetric and 

asymmetric paths are shown on the right. 
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Figure 3.13. Representative symmetric and asymmetric structural evolution map 

through sequential combination of gliding and out-of-plane TM migration ([1]-[5]). 

Each step was visualized with a motif representing the structure. Between each step, 

the structural transformation process is schematically illustrated. Red squares 

indicate TMs where a move occurred, blue squares indicate fixed TMs, and white 

squares indicate vacancies. Additionally, TM migration is indicated by red arrows, 

and slab gliding is indicated by blue arrows. 
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Table 3.1. All paths that can be formed by slab gliding and out-of-plane TM 

migration during charging and discharging. The total path includes 5 symmetric 

structural evolution paths and 15 asymmetric structural evolution paths. 
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3.3.3 Redox asymmetry due to the asymmetric structural 

transformations 

Importantly, the emergence of distinct structures due to the combinations of 

structural changes can significantly affect the electrochemical reversibility of 

electrodes by modulating the redox mechanism. Accordingly, we investigated the 

electronic structures constituting representative pathways that were observed to be 

spontaneously formable in the previous section. At the point where some oxygen 

oxidation has occurred, we compared the oxygen projected density of states (O 

pDOS) for the structures of step 1 and 5, which represent the initial and final stages 

of structural evolution, as shown in Figure 3.13. From the perfect layered structure, 

the 6 oxygen atoms constituting the octahedral site along with the TM to be migrated 

were selected (blue dotted line), and the electron density of oxygen atoms at these 

fixed positions were visualized for each structure before and after the TM migration. 

Among the selected 6 oxygen atoms, the oxygen coordinated to two TMs is shown 

in red, the oxygen coordinated to one TM is shown in green, and the sum of the 

electron densities of oxygen atoms with equivalent configurations is shown in the 

same red and green color, respectively.  

When the pristine layered structure is maintained in the charging process, each 

oxygen remains bound to two TM ions (marked with red atom), and the minimum 

bond length is approximately 1.94 Å. In a previous study, it was reported that the t2g 
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level constituting the 3d-orbital of TM in Li2MO3-type oxide forms weak π-type 

hybridization with one axis of the oxygen 2p-orbital that does not participate in 𝜎-

type hybridization with TM28-30. During the charging process, the atomic-charge 

distribution observed in Li0.875RuO3, which maintains a perfect layer structure, 

clearly indicates that charge compensation occurs in the π-band, where oxygen 

properties are predominant (see inset in each graph of Figure 3.15). When the 

symmetric structure transformation ([1] and [2]) is completed, the structure in step 5 

is identical to the original layered structure, and the same electronic structure as the 

initial structure is observed (plots for path [1] and [2] in Figure 3.15). This means 

that the charging and discharging voltage profiles will be symmetric with only a 

small hysteresis. However, if the final structure evolves through an asymmetric path 

([3] and [4]) to 'in-plane disordering'' or ‘TM trapped in Li layer', four or five single-

coordinated oxygens are generated, respectively (marked with green atom). 

Furthermore, the formation of single-coordinated oxygen shortens the minimum 

TM–O distance, which was maintained at 1.94 Å in the 'perfect layered' structure, 

1.72 Å for 'in-plane disordering', and 1.65 Å for 'TM trapped in Li layer'. The 

strength of the metal–oxygen π-type interaction increases as the overlap of the 

atomic orbital increases; therefore, a shorter metal–oxygen bond distance indicates 

greater π-type interaction and shifting of the antibonding level to a higher energy. 

Therefore, oxygen that loses its bond with the TM forms a stronger π-type interaction 

with the remaining coordinated TM (inset of the plots for path [3] and [4] in Figure 
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3.15), leading to a rearrangement of the electronic structure. Consistent with the 

difference in bond length, the 'in-plane disordering' structure with a shortened TM–

O distance of 1.72 Å was rearranged to a higher state than the anti-bonding level of 

the 'perfect layered' structure. In addition, the anti-bonding level of the ‘TM trapped 

in Li layer’ structure with the shortest TM–O distance (1.65 Å) was shifted to the 

highest energy state among the three structures, and this rearrangement implies a 

decrease in the overall discharge potential. For each structure, the bond length and 

the number of single-coordinated oxygens can affect the electrochemical potential 

and the electron-accepting ability, respectively, consequently leading to different 

voltage profiles. Accordingly, disordered structures that can be formed in various 

ways produce various electronic structures through different interactions between 

cations and anions; as a result, the discharge potential observed is the superimposed 

result of these various electronic structures. 
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Figure 3.14. Structures that can be formed through a total of 20 pathways after 

charging and discharging process. 
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Figure 3.15. Electronic structures of initial (step 1) and final (step 5) configurations 

formed through sequential repetition of slab gliding and TM migration. The six 

oxygens of interest, either coordinated to two TMs (red atom) or coordinated to one 

TM (green atom), are indicated in the inset of each graph as a blue dotted line. The 

sum of the electron densities of oxygen with the same coordination is indicated by 

the same color as each oxygen atom. In addition, the shortest TM–O bonding length 

in each structure and the electron density of the corresponding local structure are 

displayed on the right side of the inset. 
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3.3.4 Facilitating irreversible deformation pathways by slab gliding 

Recently, it has been extensively reported that for some archetypal electrodes with 

P- and O-type stacking, in-plane or out-of-plane disordering account for voltage 

hysteresis phenomena6,11,13,14,31. Although the presence of in-plane and out-of-plane 

disordering in the cycled electrodes have been confirmed using experimental tools, 

the exact mechanism of TM migration has not yet been documented. Interestingly, 

our calculations for path [3] indicate that in-plane cation disordering can be induced 

through consecutive slab gliding and out-of-plane TM migration, even without direct 

in-plane hopping of TM ions. In addition, it was confirmed that the TM trapped in 

the Li-layer structure can be easily generated via simpler steps by the combination 

of slab gliding and out-of-plane TM migration through pathway [4] without 

complicated migration steps. We thus compared the direct and indirect structural 

change mechanisms that can generate each type of cation disordering, as illustrated 

in Figure 3.16 and 3.18.  

The in-plane disordering can be produced by the direct in-plane hopping of the TM 

ion (top panel in Figure 3.16). When a TM ion migrates from the original octahedral 

site to the adjacent octahedral site in the layered structure, it is known to pass the 

center of the shared oxygen dumbbell, or the tetrahedral sites in the middle of two 

octahedra32. However, the former migration path (path A) is very narrow (2.6 Å) and 

would thus require a high energy barrier. In the latter path (path B), the intermediate 

tetrahedral site shares at least one face with neighboring TM ions; hence, the TM ion 
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at the tetrahedral site will suffer from a substantially high TM–TM repulsion. This 

is contrasted with the equivalent in-plane migration mechanism in the Li layer, where 

a TM ion in the tetrahedral site of the Li layer is typically surrounded by only Li 

vacancies. As noted as an exception in previous reports33, a lower energy barrier is 

observed for the TM migration path through the center of the oxygen dumbbell 

because of the very high level of TM–TM repulsion when passing through the 

intermediate tetrahedral site (Figure 3.17). Despite structural optimization for that 

pathway, it still requires overcoming of the high activation barrier of 2.62 eV for the 

TM to penetrate the center of the oxygen dumbbell, as shown at point b of the energy 

landscapes in Figure 3.16. Such a high activation barrier is attributable to the absence 

of suitable migration pathways and indicates that the direct in-plane migration of TM 

ions is energetically demanding.  

However, for the indirect structural transformation (the lower panel in Figure 3.16), 

the in-plane cation disorder can be produced by sequential out-of-plane TM 

migration and slab gliding during charge and the backward slab gliding and out-of-

plane migration during discharge. In the two TM migration steps of this trajectory, a’ 

to c’ and d’ to f’, a TM ion vertically migrates between two octahedral sites. Because 

a TM ion passes through a relatively large triangular plane (points b’ and e’) shared 

by two octahedra, the accompanying migration barriers are calculated to be only 0.99 

and 0.70 eV, respectively, as shown in Figure 3.16. Overall, each step of indirect 

structural transformations is predicted to be energetically downhill or to require only 
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a small energy barrier, in contrast with the prohibitively high energy barrier of the 

direct in-plane hopping. 

‘TM trapped in Li layer’ structures can also be generated via a much simpler 

indirect process than those formed in rigid structures by combining slab gliding with 

out-of-plane TM migration. If there is no slab gliding, to form a 'TM trapped in Li 

layer' structure, the TM must be directly moved through several migrations (top 

panel in Figure 3.18). Sites located along this path all share a plane, and after the TM 

migrates to the Li layer, the adjacent sites consist only of Li vacancies; therefore, 

migration can arise through a total of 3 hops (oct → oct → tet → oct), as shown in 

the lower panel in Figure 3.18 (point a to g). In this case, when the TM ion passes 

through the shared surface of the two sites, three energy barriers of 0.99, 1.34, and 

0.99 eV, respectively, must be overcome. However, for an indirect structural 

transformation (bottom panel in Figure 3.18), the same structure can be formed by 

gliding after only one pass through the shared plane between two octahedra with an 

energy barrier of 1.15 eV. In comparing the two model systems, although almost 

similar energy barriers are predicted when passing through the shared plane, the need 

to overcome fewer energy barriers than in the direct structural transformation process 

means that the indirect structural transformation is a relatively easy pathway. 

Therefore, our analyses indicate that the cation disordering in the cycled electrodes 

would be mainly generated by the interplay of out-of-plane and slab gliding, rather 

than direct cation hopping. 
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Slab gliding can provide an easy route to form different types of disordered 

structures by diversifying the position of the displaced TM. Intuitively, if various 

pathways that can cause disordered structures are blocked via slab-gliding control, 

the voltage drop can be greatly suppressed. Such objective can be strategically 

achieved by inducing structural evolution as symmetrically as possible to restore the 

original structure or by suppressing the occurrence of slab gliding. In practice, 

controlling the sequence of two or more structural changes occurring in the same 

charge/discharge region is very difficult to achieve. However, potential strategies to 

suppress structural degradation by delaying or preventing the occurrence of slab 

gliding have been studied in various conventional layered cathode materials34-38. As 

a strategy to prevent slab gliding due to charging and discharging in alkali-rich 

layered oxides, the use of alkali metals can be limited. It has been reported that the 

gliding from O1–α to O1–β is due to the coulombic interaction between the alkali 

ions remaining in the alkali-metal layer and the vacancies in the TM layer19. When 

the vacancy sites of two adjacent TM layers are aligned due to attraction with respect 

to one alkali metal remaining in the alkali-metal layer, the O1–β stacking sequence 

appears. Therefore, if more than a certain amount of alkali metal is allowed to remain 

in the alkali-metal layer to prevent such alignment, slab gliding to the O1–β stack 

can be suppressed, thereby simplifying the migration path of the TM. However, this 

approach obscures the high energy density known to be an inherent advantage of 

Li/Na-rich layered oxides by limiting the available capacity. Another good approach 
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is to physically suppress slab gliding by adding dopants that act like pillars to the 

alkali-metal layer. Elements with a size similar to that of lithium, such as Mg and Cu 

ions, are easily located in the Li layer; therefore, use of these dopants has been 

proposed to be effective in suppressing the structural deterioration by delaying slab 

gliding in conventional layered materials. These types of dopants are located in the 

alkali-metal layer and can physically prevent slab gliding through additional 

hybridization with oxygen in the two adjacent TM layers. Therefore, although some 

initial capacity can be sacrificed by the dopant inserted like pillars in the alkali-metal 

layer, it is expected that the voltage drop can be prevented because the path that can 

cause structural degradation can be significantly reduced by suppressing slab gliding. 
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Figure 3.16. Energetic comparison of direct and indirect structural change pathways 

for 'in-plane disordering' structure. Two different scenarios forming the ‘in-plane 

disordering’ in the structure. (Top panel) Direct path involving the in-plane hopping 

of TM ion. (Bottom panel) Indirect path mediated by slab gliding and out-of-plane 

TM migration. Points a–c and a’–g’ in the figure indicate the positions of the moving 

cation. (Right) Energy landscapes calculated along the direct and indirect path 

represented in the panels.  
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Figure 3.17. Schematics of two plausible pathways (TSH and ODH) of direct in-

plane TM migration and the energy of these pathways in fixed atom position.  
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Figure 3.18. Schematics of two plausible pathways (TSH and ODH) of direct in-

plane TM migration and the energy of these pathways in fixed atom position. 

Energetic comparison of direct and indirect structural change pathways for 'TM 

trapped in Li layer' structure. Two different scenarios forming the ‘TM trapped in Li 

layer’ in the structure. (Top panel) Direct path involving the out-of-plane and 

tetrahedral site hopping of TM ion. (Bottom panel) Indirect path mediated by slab 

gliding and out-of-plane TM migration. Points a–g and a’–e’ in the figure indicate 

the positions of the moving cation. (Right) Energy landscapes calculated along the 

direct and indirect path represented in the panels.  
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3.4 Concluding remarks 

 We investigated the slab gliding and TM migration coexisting in the oxygen redox 

region of lithium-rich layered oxides and proposed a rational mechanism for 

evolution into various disordering structures mediated through a combination of 

these two phenomena. We revealed that the reversible transformation between O1–

α and O1–β stacking sharing the same oxygen framework in lithium-rich oxides 

could be linked to TM migration during the charging and discharging process, 

allowing for more diverse pathways of structural evolution. We demonstrated that 

many of the paths that can form a disordered structure during charging and 

discharging are spontaneous and that cation disordering is more likely to occur, 

especially by asymmetric gliding and out-of-plane TM migration. Consequently, the 

various types of disordered structures resulting from the combination of the two 

phenomena form superimposed perturbating electronic structures that are regulated 

by different structural properties, which can lead to voltage hysteresis. We present a 

broad and varied picture of structural evolution in lithium-rich layered cathodes 

using oxygen redox and demonstrate that control of the stacking transformation is a 

critical factor in modifying cation disordering and regulating electrochemical 

performance. 

 

 



105 

 

3.5 References 

 

1 Schmidt, O., Hawkes, A., Gambhir, A. & Staffell, I. The future cost of 

electrical energy storage based on experience rates. Nature Energy 2, 1-8 

(2017). 

2 Cano, Z. P. et al. Batteries and fuel cells for emerging electric vehicle 

markets. Nature Energy 3, 279-289 (2018). 

3 Kim, J.-m., Jeong, J.-H., Jin, B.-S. & Kim, H.-S. Optimization of Lithium in 

Li 1+ x [Mn 0.720 Ni 0.175 Co 0.105] O 2 as a Cathode Material for Lithium 

Ion Battery. Journal of Electrochemical Science and Technology 2, 97-102 

(2011). 

4 Seo, D.-H. et al. The structural and chemical origin of the oxygen redox 

activity in layered and cation-disordered Li-excess cathode materials. 

Nature chemistry 8, 692-697 (2016). 

5 Delmas, C. Operating through oxygen. Nature chemistry 8, 641-643 (2016). 

6 Gent, W. E. et al. Coupling between oxygen redox and cation migration 

explains unusual electrochemistry in lithium-rich layered oxides. Nature 

communications 8, 1-12 (2017). 

7 Hu, E. et al. Evolution of redox couples in Li-and Mn-rich cathode materials 

and mitigation of voltage fade by reducing oxygen release. Nature Energy 3, 

690-698 (2018). 



106 

 

8 Assat, G., Glazier, S. L., Delacourt, C. & Tarascon, J.-M. Probing the 

thermal effects of voltage hysteresis in anionic redox-based lithium-rich 

cathodes using isothermal calorimetry. Nature Energy 4, 647-656 (2019). 

9 Li, M. et al. Cationic and anionic redox in lithium-ion based batteries. 

Chemical Society Reviews 49, 1688-1705 (2020). 

10 Ku, K. et al. A new lithium diffusion model in layered oxides based on 

asymmetric but reversible transition metal migration. Energy & 

Environmental Science 13, 1269-1278 (2020). 

11 Hong, J. et al. Metal–oxygen decoordination stabilizes anion redox in Li-

rich oxides. Nature materials 18, 256-265 (2019). 

12 Kleiner, K. et al. Origin of high capacity and poor cycling stability of Li-

rich layered oxides: a long-duration in situ synchrotron powder diffraction 

study. Chemistry of Materials 30, 3656-3667 (2018). 

13 House, R. A. et al. Superstructure control of first-cycle voltage hysteresis in 

oxygen-redox cathodes. Nature 577, 502-508 (2020). 

14 House, R. A. et al. First-cycle voltage hysteresis in Li-rich 3 d cathodes 

associated with molecular O 2 trapped in the bulk. Nature Energy 5, 777-

785 (2020). 

15 Sathiya, M. et al. Origin of voltage decay in high-capacity layered oxide 

electrodes. Nature materials 14, 230-238 (2015). 

16 Eum, D. et al. Voltage decay and redox asymmetry mitigation by reversible 



107 

 

cation migration in lithium-rich layered oxide electrodes. Nature materials 

19, 419-427 (2020). 

17 Van der Ven, A., Aydinol, M. K. & Ceder, G. First‐Principles Evidence for 

Stage Ordering in Li x CoO2. Journal of The Electrochemical Society 145, 

2149 (1998). 

18 de Biasi, L. et al. Phase Transformation Behavior and Stability of LiNiO2 

Cathode Material for Li‐Ion Batteries Obtained from In Situ Gas Analysis 

and Operando X‐Ray Diffraction. ChemSusChem 12, 2240-2250 (2019). 

19 de Boisse, B. M. et al. Coulombic self-ordering upon charging a large-

capacity layered cathode material for rechargeable batteries. Nature 

communications 10, 1-7 (2019). 

20 Radin, M. D., Alvarado, J., Meng, Y. S. & Van der Ven, A. Role of crystal 

symmetry in the reversibility of stacking-sequence changes in layered 

intercalation electrodes. Nano letters 17, 7789-7795 (2017). 

21 Perez, A. J. et al. Strong oxygen participation in the redox governing the 

structural and electrochemical properties of Na-rich layered oxide Na2IrO3. 

Chemistry of Materials 28, 8278-8288 (2016). 

22 Kresse, G. & Furthmüller, J. Efficient iterative schemes for ab initio total-

energy calculations using a plane-wave basis set. Physical review B 54, 

11169 (1996). 

23 Aykol, M., Kim, S. & Wolverton, C. Van der Waals interactions in layered 



108 

 

lithium cobalt oxides. The Journal of Physical Chemistry C 119, 19053-

19058 (2015). 

24 Yoshida, T., Hongo, K. & Maezono, R. First-Principles Study of Structural 

Transitions in LiNiO2 and High-Throughput Screening for Long Life 

Battery. The Journal of Physical Chemistry C 123, 14126-14131 (2019). 

25 Klimeš, J., Bowler, D. R. & Michaelides, A. Van der Waals density 

functionals applied to solids. Physical Review B 83, 195131 (2011). 

26 Zheng, F. et al. Impact of structural transformation on electrochemical 

performances of Li-Rich cathode materials: the case of Li2RuO3. The 

Journal of Physical Chemistry C 123, 13491-13499 (2019). 

27 Li, B. et al. Understanding the stability for Li‐rich layered oxide Li2RuO3 

cathode. Advanced Functional Materials 26, 1330-1337 (2016). 

28 Okubo, M. & Yamada, A. Molecular orbital principles of oxygen-redox 

battery electrodes. ACS applied materials & interfaces 9, 36463-36472 

(2017). 

29 Song, J. H. et al. Anionic Redox Activity Regulated by Transition Metal in 

Lithium‐Rich Layered Oxides. Advanced Energy Materials 10, 2001207 

(2020). 

30 Kitchaev, D. A., Vinckeviciute, J. & Van der Ven, A. Delocalized Metal–

Oxygen π-Redox Is the Origin of Anomalous Nonhysteretic Capacity in Li-

Ion and Na-Ion Cathode Materials. Journal of the American Chemical 



109 

 

Society 143, 1908-1916 (2021). 

31 Gent, W. E., Abate, I. I., Yang, W., Nazar, L. F. & Chueh, W. C. Design rules 

for high-valent redox in intercalation electrodes. Joule 4, 1369-1397 (2020). 

32 Reed, J. & Ceder, G. Role of electronic structure in the susceptibility of 

metastable transition-metal oxide structures to transformation. Chemical 

reviews 104, 4513-4534 (2004). 

33 Zhou, F., Cococcioni, M., Marianetti, C. A., Morgan, D. & Ceder, G. First-

principles prediction of redox potentials in transition-metal compounds with 

LDA+ U. Physical Review B 70, 235121 (2004). 

34 Pouillerie, v. C., Croguennec, L. & Delmas, C. The LixNi1− yMgyO2 (y= 

0.05, 0.10) system: structural modifications observed upon cycling. Solid 

State Ionics 132, 15-29 (2000). 

35 Huang, Y. et al. Mg‐Pillared LiCoO2: Towards Stable Cycling at 4.6 V. 

Angewandte Chemie 133, 4732-4738 (2021). 

36 Chu, S. et al. Pinning Effect Enhanced Structural Stability toward a Zero‐

Strain Layered Cathode for Sodium‐Ion Batteries. Angewandte Chemie 

(2021). 

37 Wang, C. et al. Tuning local chemistry of P2 layered-oxide cathode for high 

energy and long cycles of sodium-ion battery. Nature communications 12, 

1-9 (2021). 

38 Xie, Y. et al. In operando XRD and TXM study on the metastable structure 



110 

 

change of NaNi1/3Fe1/3Mn1/3O2 under electrochemical sodium‐ion 

intercalation. Advanced Energy Materials 6, 1601306 (2016). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



111 

 

Chapter 4. Summary  

In this thesis, the detailed operating mechanism of oxygen redox, which is a 

peculiar charge compensation method for lithium-rich layered oxide materials, and 

the degradation mechanism due to the use of oxygen redox, and the electrode 

material engineering strategy are comprehensively investigated. (i) comprehensive 

theoretical picture of oxygen redox-triggered potentials subtly regulated by a wide 

range of 3d transition metals in lithium-rich layered oxides, and (ii) causes and 

solutions of electrochemical/structural irreversibility due to the use of oxygen redox 

in lithium-rich layered oxides were covered. 

In the first chapter (i), I proposed a basic mechanism in which material-dependent 

oxygen redox activity and potential in lithium-rich oxide electrodes are governed by 

minor interactions with the surrounding TM in the local environment. The energy 

levels of the Li–O–Li axis, which until recently were recognized as unbound levels 

in lithium-rich layered oxides, are actually regulated by π-type interactions that are 

influenced by the number and type of adjacent transition metals. It have been 

demonstrated that the M t2g energy level depends on the type of transition metal, and 

the oxygen redox potential can be estimated from the relative position to the O 2p 

energy level. Therefore, proper selection of the type of transition metal and the local 

order/disorder combination enables the promotion of oxygen redox within the 

available electrochemical window limited to a certain extent by the electrolyte. 
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These findings will broaden the fundamental understanding of lithium-rich layered 

oxides and lay the groundwork for active utilization of oxygen redox.  

In the second chapter (ii), a rational model for the irreversible structural 

transformation of lithium-rich layered oxides was proposed by taking into account 

additional factors that can often occur in layered oxides. Slab gliding, a lateral 

movement, combined with TM migration, a vertical movement, intensifies the 

complexity of structural deformation during charging and discharging. This 

phenomenon, which is a combination of two movements, is mostly spontaneous and 

leaves the experimentally reported disordering structures after discharging process. 

I am convinced that this asymmetric movement is linked to the asymmetry of redox 

potentials, and that the eventually formed disordered structure will favorably occur 

through an indirect bypass pathway mediating slab gliding rather than direct TM 

migration. My research results suggest a rational model for the irreversible structural 

change through an asymmetric pathway and the resulting electrochemical 

degradation, and reveal a key new factor for achieving reversible oxygen redox. 
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Abstract in Korean 

초록 

충전식 리튬 이온 배터리는 높은 에너지 및 전력 밀도, 우수한 속도 

성능 및 안정적인 사이클 특성으로 인해 지난 수십 년 동안 에너지 저장 

장치의 표준이 되었다. 휴대형 전자기기의 주요 에너지원이었던 리튬 

이온전지는 사회적, 환경적 요구에 부응하여 탈 탄소 산업의 새로운 

지평에서 핵심 에너지 저장장치로서 필연적인 역할을 할 것으로 

기대된다. 충전기기의 휴대가 용이하지 않은 친환경 전기운송을 위한 

대규모 에너지 저장장치로의 급격한 전환에 대응하기 위해서는 전지에 

저장할 수 있는 에너지 밀도의 혁신적인 증가가 필수적이다. 이와 

관련하여 리튬이 풍부한 층상 산화물 음극은 기존의 화학량론적 층상 

리튬 전이 금속 산화물을 압도하는 고용량을 나타내기 때문에 대체 

재료로 유망하다. 그러나 리튬이 풍부한 층상 산화물 음극이 나타내는 

고용량 특성의 근원인 산소 산화환원 반응의 온-오프를 제어하는 

요인이 무엇인지 아직 명확하지 않기 때문에 작동 메커니즘을 이해하는 

것이 매우 중요하다. 또한 고용량 영역을 적극적으로 사용하면 사이클을 

통해 에너지를 유지하는 재료의 능력이 크게 저하되는 것으로 알려져 

있으므로 전극의 전기화학적 가역성을 확보하기 위한 심층적인 이해도 
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필수적이다. 본 논문에서는 리튬이 풍부한 층상 산화물 전극의 고용량 

특성의 산소 산화환원 작용 메커니즘에 대한 이론적 연구를 제시하며, 

해당 용량을 사용할 때 전기화학적 가역성에 영향을 미치는 요인을 

탐색하여 안정적으로 작동할 수 있는 재료에 대한 설계 전략을 

제안하려고 했다. 

제 2장에서는 다양한 전이 금속 산화물의 전자 구조를 조사하여 

리튬이 풍부한 층상 산화물에서 산소 산화 환원의 기원을 탐구하였다. 

이 장에서 나는 고용량 특성을 담당하는 산소 산화 환원 화학이 전이 

금속의 유형에 따라 달라질 수 있다고 제안한다. 이전 연구에서 산소 

산화환원의 촉발은 리튬이 풍부한 층상 산화물 내에 존재하는 독특한 

Li–O–Li 비결합 축에서 비롯된다는 데 동의했다. 그러나 Li–O–Li 상태의 

비결합 특성에도 불구하고 산소 산화환원 반응의 가능성과 산소 산화 

반응의 작동 전압은 리튬이 풍부한 산화물을 구성하는 TM의 유형에 

따라 미묘하게 다르다. 고용량을 달성하기 위해 산소 산화 환원 반응의 

사용 가능한 경계를 명확히 하는 것은 실험적으로 보고된 대부분의 산소 

산화 환원 전위가 전해질의 분해 전압에 걸쳐 있기 때문에 매우 

중요하다. 그러나 TM 금속과 산소 산화환원 전위 사이의 본질적인 

관계는 아직 완전히 이해되지 않았다. 이와 관련하여 지역 환경을 

고려한 광범위한 3차원 전이금속 화합물(Li2TMO3)의 전자 구조에 대한 
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정밀한 조사를 통해 리튬이 풍부한 층상 산화물의 산소 산화 환원 

활성에 대한 포괄적인 그림을 제시한다. 전이금속과 산소 사이의 π-형 

상호작용은 국부적 환경의 조절을 통해 철저히 조사되었으며, 이는 산소 

산화환원 활성/전위에 상당한 영향을 미치는 것으로 밝혀졌다. 나의 

모델은 다양한 산소 산화 환원 전위에 대해 보고된 현상학적 상관 

관계를 합리화하고 제한된 전기 화학적 창 내에서 산소 산화 환원 

반응을 안정적으로 유도하기 위한 과학적 기초를 제공할 것으로 

기대된다. 

제 3장에서는 리튬이 풍부한 층상 산화물 전극의 전압 열화 요인을 

파악하고 구조적 가역성을 향상시키기 위한 재료 설계 전략을 제안한다. 

전압 저하와 같은 전기화학적 열화는 주로 구조적 장애로 인한 것으로 

생각되지만 이러한 현상이 어떻게 비가역적인 방향으로 진화하는지에 

대한 이해는 아직 불완전하다. 여기서 나는 리튬이 풍부한 층상 

산화물의 비가역적 구조 변형과 산화 환원 비대칭이 동적 구조 진화에 

대한 포괄적인 이해를 통해 합리적으로 설명될 수 있다고 제안한다. 

산화환원 과정에서 공존하는 슬래브 글라이딩과 평면 외 전이금속 

마이그레이션의 조합은 다양한 구조적 진화 경로를 생성하여 훨씬 더 

높은 수준의 구조적 복잡성을 초래할 수 있다. 생성된 경로 중 방전 시 

구조적 변형이 충전의 역순과 다른 비대칭 경로는 자발적인 과정이며 
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결국 무질서한 구조를 형성하여 전압 히스테리시스 및 구조적 

비가역성을 초래할 수 있다. 특히 슬래브 글라이딩 매개 과정은 

전이금속이 직접 이동하여 무질서한 구조를 형성하는 경로보다 훨씬 

쉬운 것으로 밝혀져 슬래브 글라이딩의 제어가 구조적 열화를 억제하고 

전기화학적 성능을 향상시키는 핵심 요소임을 시사한다. 나의 연구 

결과는 리튬이 풍부한 층상 산화물의 비가역적 구조적 진화에 대한 

합리적인 시나리오를 제시하고 가역적 산소 산화 환원을 최적화하기 

위한 새로운 제어 가능한 요인을 공개한다.  
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