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Over the past 30 years, governments, industry and other stakeholders have been 

continuously concerned about ‘vehicular CO2 and NOx emissions’. In this context, it 

has been believed that electric vehicles could contribute to climate change mitigation 

when combined with decarbonized electricity. The growing success of current 

electric vehicles can be attributed to advances in electrochemical energy storage 

technology (especially lithium-ion batteries) from a technical point of view. Today's 

electric vehicles are almost entirely powered by lithium-ion batteries. Nevertheless, 

it is still widely accepted that electric vehicles will need a driving range of at least 
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500 km at a low cost to achieve consumer acceptance and widespread market 

penetration. Therefore, significant improvement is required in terms of energy 

density and cost in the development of electrode materials for lithium-ion batteries. 

In this regard, lithium-rich layered oxide cathode materials will be at the forefront of 

enabling longer driving-range electric vehicles at more affordable costs with lithium-

based batteries. Additional oxygen redox in lithium-rich layered oxide electrodes 

provides an unexplored way to access superior electrochemical properties and thus 

achieve high energy densities. However, the reaction is often accompanied by 

unfavorable structural transformations and persistent electrochemical degradation, 

thereby precluding the practical application of this strategy. In particular, the 

resulting voltage issues (notable voltage hysteresis and long-term voltage decay) of 

lithium-rich layered-oxide electrodes has hampered their real-world implementation 

in batteries despite their high energy density. In this thesis, I present a unified picture 

of oxygen redox electrochemistry in layered oxide electrodes, and design a new high-

energy lithium-rich layered oxide electrode to simultaneously address the issues of 

voltage decay and hysteresis.  

In Chapter 2, I present a unified picture of oxygen redox electrochemistry in layered 

oxide electrodes. I explore the close interplay between the local structural change 

and oxygen electrochemistry during short- and long-term battery operation for 

layered transition metal oxides. The substantially distinct evolution of the oxygen-

redox activity and reversibility are demonstrated to stem from the different cation-

migration mechanisms during the dynamic de/intercalation process (i.e., out-of-
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plane and in-plane migrations of transition metals). I show that the irreversibility of 

lattice oxygen electrochemistry exclusively originates from distinct types of 

stabilization mechanisms for the oxidized oxygen (i.e., π-interacting or σ-interacting 

oxygens), which are governed by intrinsically different cation migration routes 

available in various layered materials during electrochemical cycles. These findings 

constitute a step forward in unravelling the correlation between the local structural 

evolution and the reversibility of oxygen electrochemistry and provide guidance for 

further development of oxygen-redox layered electrode materials. 

In Chapter 3, I design a new high-energy lithium-rich layered oxide electrode with 

highly reversible oxygen-redox activity. As it is widely accepted that voltage decay 

and hysteresis mainly originate from progressive structural rearrangements 

involving irreversible transition-metal migration, and because preventing this 

spontaneous cation migration has proven difficult, a paradigm shift toward 

management of its reversibility is needed. I demonstrate that the reversibility of the 

cation migration of lithium-rich nickel manganese oxides can be remarkably 

improved by altering the oxygen stacking sequences in the layered structure and 

thereby dramatically reducing the voltage decay and hysteresis. The preeminent 

intra-cycle reversibility of the cation migration is experimentally visualized, and 

first-principles calculations reveal that an O2-type structure restricts the movements 

of transition metals within the Li layer, which effectively streamlines the returning 

migration path of the transition metals. Furthermore, I propose that the enhanced 

reversibility mitigates the asymmetry of the anionic redox in conventional lithium-
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rich electrodes, promoting the high-potential anionic reduction, thereby reducing the 

subsequent voltage hysteresis. These findings demonstrate that regulating the 

reversibility of the cation migration is a practical strategy to reduce voltage decay 

and hysteresis in lithium-rich layered materials. 
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Chapter 1. Introduction  

1.1 Motivation and outline 

Efforts to limit climate change below a given temperature level require that 

cumulative global CO2 emissions over time remain below a specified quota1. In this 

regard, it should be noted that roughly a quarter of global energy-related CO2 

emissions come from the transportation sector2,3. According to a report by the 

International Energy Agency, to stabilize CO2 concentrations at 450 ppm, 40% of 

new cars sold worldwide by 2040 must be plug-in electric vehicles (PEVs)3,4. Unlike 

lead-acid or nickel-metal hydride batteries, the superiority of lithium-ion batteries 

(LIBs) in terms of energy storage capacity, safety, and achievable cost has allowed 

the development of full-size automobiles, and it is now expected that the 

advancement of current Li-ion battery technologies will enable the realization of the 

deep decarbonization plan5. 

However, even if daytime charging is possible, the limited mileage of PEVs is 

pointed out as the biggest obstacle to the large-scale introduction of PEVs6,7. To 

achieve mass market penetration, automotive batteries are required to deliver 

approximately 235 Wh kg–1/500 Wh l–1 at the battery pack level and 350 Wh kg–

1/750 Wh l–1 at the cell level, which corresponds to a driving range of at least 500 

km8,9. Of the four key components of the state-of-the-art LIB cell (anode, cathode, 

separator, and electrolyte), the cathode in particular is still considered the major 

bottleneck for high-energy implementations due to its largest weight and cost10,11. 
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Therefore, many researchers have prioritized the development of new high-energy 

cathode materials over the past few decades to address the so-called ‘range anxiety’ 

of consumers. 

After the successful commercialization of LiCoO2-based batteries, lithium layered 

oxides (LiTMO2, where TM represents a mixture of 3d transition metals) have 

become a key material for today’s cathodes11. However, despite annual 

improvements in classical layered oxides, achieving the desired energy density at the 

battery pack/cell level remains elusive as these materials are limited by their Li 

content and ability to extract one electron per transition metal ion. In an effort to 

overcome these limitations, lithium-rich layered oxides that additionally utilize 

anionic redox reactions have thus emerged as a new paradigm in the design of 

positive electrodes for high-energy lithium-ion batteries12,13. Lithium-rich layered 

oxides (Li[LixTM1–x]O2, 0 < x < 1/3) refer to a class of materials in which some TM 

ions are substituted with Li ions in the transition metal layer, resulting in a structure 

with a higher lithium content than classical layered oxides (LiTMO2). The excessive 

lithium environment in the transition metal layer creates a localized oxygen 

electronic state to activate the oxygen redox reaction within the operating voltage 

range14. By exploiting anionic redox activity concurrently with cationic redox, these 

electrodes can achieve extraordinarily high energies exceeding 500 Wh kg–1 at the 

cell level12. Nevertheless, unlike traditional cationic redox, anionic redox reactions 

are accompanied by notable voltage hysteresis and long-term voltage decay issues 

along with significant structural transitions, hampering the practical application of 
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lithium-rich layered electrodes12,13. As a result, elucidating the general nature of 

oxygen redox has been critical in resolving the voltage-related problems and 

realizing the commercialization of lithium-rich layered oxides. 

Although numerous attempts have been made to understand the correlation between 

structural evolution and oxygen redox electrochemistry15–20, the clear-cut 

explanation of their interaction has yet to be established. In particular, the 

comprehensive understanding of the interplay between the structural 

stability/transition kinetics and the reversibility/kinetics of oxygen redox has hitherto 

been elusive due to the complex/dynamic changes in the structure during 

electrochemical cycles (e.g., cation migration/disorder or bond rearrangement). 

Accordingly, I believed that unraveling the multifaceted coupling of oxygen-redox 

electrochemistry with respect to local structural transitions is a prerequisite for the 

rational design of high-performance anion-redox-active electrodes that 

simultaneously address the issues of voltage decay and hysteresis. In Chapter 2, I 

focus on the local structural evolution during the dynamic intercalation process and 

its consequences on the oxygen electrochemistry in the short- or long-term battery 

operation for layered transition metal oxides21. For the first time, the oxygen 

stabilization mechanism of π-interacting oxygen and the σ-interacting oxygen was 

quantitatively probed as a function of cycles, whose presences have been only 

theoretically reported and argued. Based on these findings, I successfully couple the 

distinct TM migration dynamics and the oxygen stabilization mechanisms, and 

unveil how cation disordering mechanisms such as out-of-plane or in-plane TM 
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migrations are respectively associated with the oxygen network reorganization and 

the corresponding evolution of the oxygen redox activity. I show that the π 

stabilization upon the oxygen oxidation initially aids in the reversibility of the 

oxygen redox and is predominant in the absence of TM migrations, however, the π-

interacting oxygen is gradually replaced by the σ-interacting oxygen that triggers the 

formation of O–O dimers and the structural destabilization over cycles. More 

importantly, it is revealed that the distinct TM migration paths available in the 

layered materials (i.e., out-of-plane and in-plane migrations of transition metals) 

govern the conversion from π to σ interactions and its kinetics. Finally, I propose 

that the oxygen stabilization mechanism has a crucial influence on the 

thermodynamic and kinetic properties of the oxygen redox in the layered materials, 

and its determining factor (i.e., TM dynamics) plays a key role in delaying or 

inhibiting the deterioration of the oxygen redox reversibility. 

Based on these understandings and insights in Chapter 2, I believed that improving 

the intra-cycle reversibility of TM migration would play a key role in addressing the 

voltage decay and hysteresis of lithium-rich layered-oxide electrodes, which are two 

of the most vital and chronic issues for this potentially important class of electrode 

materials. For the past decade, various effective approaches have been used to 

mitigate these issues, including surface coating22, cation doping23, additives to 

electrolyte24, and composition tuning25,26; however, their ultimate prevention during 

long-term cycling has not yet been achieved. Thus, I certainly recognized the need 

for a paradigm shift to regulate the reversibility of TM migration rather than to 
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suppress the migration in lithium-rich layered oxides. In Chapter 3, I demonstrate 

that the reversibility of the TM migration can be remarkably improved by changing 

the oxygen lattice structure from the typical O3 to O2 layered stacking, thereby 

dramatically suppressing the voltage decay and hysteresis27. This work is noteworthy 

in that it is the first to achieve highly reversible transition metal (TM) migration 

through structural regulation. I show that the primary factor limiting the reversible 

migration of TM ions in the typical O3 layered structure is the intralayer movements 

of TM ions within the Li layer and that the O2 layered structure restricts these 

movements. The preeminent intra-cycle reversibility of the TM migration for O2-

type layered compounds is confirmed using scanning transmission electron 

microscopy and complementary X-ray diffraction, Raman spectroscopy, and high-

resolution transmission electron microscopy. This high level of intra-cycle 

reversibility in the O2 layered structure leads to preservation of the pristine layered 

structure over extended cycles as well as successful voltage retention. Furthermore, 

I confirm that the improved reversibility of TM migration helps remove the 

asymmetry of the anion redox (i.e., the voltage hysteresis), which has been suspected 

to stem from the presence of TM ions in the Li layer during discharge. 
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Chapter 2. Coupling structural evolution and oxygen-

redox electrochemistry in layered transition metal 

oxides 

The content of this chapter has been published in Nature Materials. [Eum, D. et al. 

Nature Materials 21, 664–672 (2022).]-Reproduced by permission of Nature 

Publishing Group. 

2.1 Introduction 

The use of reversible lattice oxygen redox is a viable strategy for accessing superior 

electrochemical activity of transition metal (TM)-oxide-based materials in 

applications such as catalysts and battery electrodes1–3. Lithium-rich layered oxides 

(Li1+xTM1–xO2) are one example that could deliver remarkable oxygen-redox 

activity4,5. The cumulative cationic and anionic redox activities from TM and oxygen, 

respectively, enable these Li-rich materials to deliver energy and power densities that 

can surpass those of conventional lithium layered oxides (LiTMO2).  

The TM-deficient environment around oxygen in A-rich layered materials (A for 

Li, Na, Mg, vacancy) plays a pivotal role in electrochemically activating the lattice 

oxygen6–9. Nonetheless, such a local configuration of oxygen that ensures the redox 

activity is not always preserved during the dynamic intercalation process, and 

substantial evidence of structural transitions around oxygen after electrochemical 

cycling has been reported in various experimental studies10–13. In addition, in recent 
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theoretical investigations of the oxygen redox, it was proposed that localized holes 

on oxygen are expected to be stabilized via TM–O coupling or O–O pairing to follow 

the universal octet rules14,15. In this case, the local coordination of oxygen undergoes 

noticeable changes via π or σ interactions with neighboring TM or oxygen ions. 

Substantial structural rearrangements were also observed in various kinetic studies 

of the anionic redox reaction12,16,17. These series of findings indicate that the initial 

condition of the oxygen redox with respect to the coordination is not constantly 

maintained and indicate that the reversibility of the oxygen redox can be easily 

jeopardized. Although numerous attempts have been made to explain the general 

nature of the oxygen redox9–11,14,18–20, a clear-cut explanation of the interplay among 

the structural stability/transition kinetics and the reversibility/kinetics of oxygen 

redox has yet to be established. 

It is noteworthy that recent studies have identified a series of layered oxides that 

could maintain their structural integrity well with reversible anionic redox: P-type 

layered structures (P, prismatic)21,22. It was proposed that unlike in conventional 

lithium layered oxides, in the P-type structure, TM ions do not migrate to the 

interlayer space because of their instability in the prismatic sites, thereby effectively 

minimizing structural change. In this work, we selected two model P-type layered 

sodium oxides: one that has been previously reported to be structurally stable with 

the anionic redox (Na0.6(Li0.2Mn0.8)O2 (NLMO)), and another that undergoes a 

noticeable structural evolution with the anionic redox (Na0.6(Li0.2Ti0.2Mn0.6)O2 

(NLTMO)), with both being in the same P-type layered structure with identical 
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TM/lithium ordering (ribbon-like ordering) in the lithium-containing TM layer. We 

show that substantially distinct evolutions in the oxygen-redox activity and 

reversibility occur for the two samples during cycling and reveal that the evidently 

different behaviors arise from the two dissimilar TM migration mechanisms: (1) 

rapid out-of-plane disordering (for NLTMO) and (2) slowly occurring in-plane 

disordering (for NLMO). It is further verified that the TM migration modes are 

closely coupled with the change in the oxygen stabilization mechanism from the π 

stabilization to the σ-interacting oxygens that trigger the formation of O–O dimers 

and the structural destabilization as cycling progresses. The correlations among the 

distinct TM migration path, the formation of the O–O dimers and the oxygen-redox 

stability are extensively discussed in the comparative analysis of the two model 

materials. 

 

 

 

 

 

 

 



13 

2.2 Experimental and computational details 

2.2.1 Synthesis 

P3-Na0.6(Li0.2Mn0.8)O2 and P3-Na0.6(Li0.2Ti0.2Mn0.6)O2 were synthesized by 

conventional solid-state synthesis. Stoichiometric amounts of Na2CO3 (>99%, 

Sigma-Aldrich), Li2CO3 (99.99%, Sigma-Aldrich), MnO2 (>99%, Sigma-Aldrich) 

and TiO2 (>99%, Sigma-Aldrich) were mixed homogeneously with acetone for 24 h. 

The resultant mixture was stirred over 12 h at room temperature to evaporate the 

acetone. The final products were obtained by heating the collected powder at 500 °C 

for 5 h and 650 °C for 24 h with intermediate grinding. 

2.2.2 Electrochemistry 

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

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

Aldrich) was cast onto aluminum foil to fabricate the electrodes. The mixture was 

dried in a 70 °C vacuum oven overnight to evaporate the N-methyl-2-pyrrolidone 

solution. Coin cells (CR2032, Hohsen) and Swagelok-type cells were assembled 

using the electrodes, a sodium counter electrode, a separator (GF/F filter, Whatman) 

and a 1 M solution of NaPF6 in a mixture of ethyl carbonate and dimethyl carbonate 

(1:1 v/v) or propyl carbonate in an Ar-filled glove box. The propyl carbonate 

electrolyte was only used for the differential electrochemical mass spectrometry 

(DEMS) measurement because of the volatility of the ethyl carbonate and dimethyl 

carbonate electrolyte. The galvanostatic charge/discharge process was performed in 

the voltage range of 2.0–4.5 V at room temperature. 
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2.2.3 HRPD 

HRPD was performed at beamline 9B of the Pohang Light Source (PLS) at the 

Pohang Accelerator Laboratory, Republic of Korea. The data were collected over the 

2θ range of 10–133° with a step size of 0.02°, step time of 3 s and wavelength of λ 

= 1.5225 Å. Rietveld refinement of the HRPD patterns was performed using the 

FullProf program. 

2.2.4 Raman spectroscopy 

Raman spectra were recorded using a Raman spectrometer (LabRAM HV 

Evolution, HORIBA) with an Ar laser as the excitation light source (λ = 532 nm). 

The scattered light of the Raman signal was collected in a backscattering geometry 

using a ×50 microscope objective lens. The data were collected using an acquisition 

time of 15 s with ten accumulations. The spectra were deconvoluted using the XPS 

Peak program. 

2.2.5 STEM 

Cross-sectional transmission electron microscopy specimens of the electrode slurry 

films were prepared using focused ion beam milling (Helios 650, FEI). The prepared 

specimens were used for HAADF and ABF imaging under 200 keV using aberration-

corrected STEM (JEM-ARM200F, JEOL) with a point-to-point resolution of 0.08 

nm at the National Center for Inter-University Research Facilities at Seoul National 

University. 

2.2.6 SQUID 

For the magnetic characterization, a powder cell using a Swagelok-type cell with 
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an 8:2 ratio of active materials to carbon black was tested. The magnetic properties 

of the collected powder samples were recorded using a SQUID magnetometer 

(MPMS-VSM, Quantum Design) at the Korea Basic Science Institute. The magnetic 

moments were measured using a zero-field cooling process from 300 to 5 K. The 

field was fixed at 0.1 T during the process. 

2.2.7 DEMS 

The real-time gas evolution was monitored by performing in situ DEMS analysis 

under galvanostatic charge–discharge of the cell. Hole-perforated 2032-type coin 

cells were used for DEMS measurement. The details of the DEMS system are 

described elsewhere23. 

2.2.8 XANES 

XANES spectra of the harvested electrodes were obtained at beamline 7D of the 

PLS using a double-crystal monochromator containing two sets of Si(111) crystals. 

All the measurements were performed at room temperature, and the Ti and Mn K-

edge spectra were collected in transmission mode. To accurately calibrate the energy 

scale and any drift of the monochromator position, metal foils were placed in a third 

chamber as a reference. All of the spectra were normalized and compared using the 

Athena and Artemis programs.  

2.2.9 STXM 

We carried out STXM analysis was at beamline 10A of the PLS to obtain the O K-

edge spectra. Primary particles were drop-cast onto carbon-coated Cu transmission 

electron microscopy grids for the measurements. By maintaining the focal position 
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at the same particle, the two-dimensional transmitted photon intensity was recorded 

in pixel form at a fixed energy. To obtain image stacks, the same measurements were 

repeated over different X-ray energy ranges. The image stacks were acquired in 0.2 

eV steps with a 2 ms dwell time and were aligned using the aXis 2000 software 

package. 

2.2.10 First-principles calculations 

All the ab initio calculations were spin-polarized on the basis of DFT, as 

implemented in the Vienna ab initio simulation package (VASP)24. Structural 

relaxations were conducted within the Perdew–Burke–Ernzerhof-generalized 

gradient approximation25. The rotationally invariant Dudarev method was applied, 

and an effective Hubbard U parameter (3.9 for 3d electrons of Mn) was selected on 

the basis of a previous report26. All the structures were fully relaxed until the 

interatomic forces converged to less than 0.02 eV Å−1. A plane-wave cut-off of 520 

eV was applied along with a well-converged k-point grid for each system. Detailed 

information on the model construction and TM migration analysis is provided in 

Chapter 2.3.13. 

 

 

 

 



17 

2.3 Result and discussion 

2.3.1 Redox activity of lattice oxygen in the layered structures 

NLMO and NLTMO both adopt a P3-type layered structure with alternative 

stackings of sodium and TM layers (partially containing lithium), as schematically 

illustrated in Fig. 2.1a (Table 2.1). Because of the 1:4 ratio between the lithium and 

TM ions, ribbon-like ordering occurs in the TM layer, as confirmed by the 

superstructure peaks for both materials in high-resolution powder diffraction (HRPD) 

measurements (dotted boxes and the crystal structure in Fig. 2.1a and Figs. 2.2 and 

2.3)27,28. The scanning transmission X-ray microscopy (STXM) spectra in Fig. 2.1b 

reveal that the lattice oxygen is the main redox reservoir in the initial charging of the 

two electrodes while the oxidation states of Mn and Ti remain +4 (Fig. 2.4). Despite 

these similarities, the electrochemical behavior during the discharge process differed 

markedly for the two electrodes, as shown in Fig. 2.1c (Fig. 2.5). The high-voltage 

plateau observed for both electrodes during charge was only maintained during 

discharge for the NLMO electrode, indicating the reversible oxygen-redox reaction; 

in contrast, for the NLTMO electrode, the plateau irreversibly transformed into a 

slanted curve, with a large voltage hysteresis of the oxygen redox (see more details 

in Fig. 2.6). We also found that the change in the oxygen redox markedly altered the 

kinetic properties. Figure 2.1d,e comparatively illustrates that the oxygen redox in 

NLTMO displays a notably inferior kinetic performance compared with that of 

NLMO after the initial charging process. These results indicate that the change in the 
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oxygen-redox activity is accompanied by degradation of the kinetic performance of 

the electrode, in accordance with previous reports16,17.  

We observed that such an irreversible transition also appeared gradually in the 

charge/discharge profile of the NLMO electrode for extended cycle numbers. Figure 

2.1f and Fig. 2.7 show how the electrochemical profile of the NLMO electrode 

evolves with the cycle number, with both the charge and discharge profiles 

systematically transforming from a flat plateau to a slanted curve similar to that of 

the NLTMO electrode. Eventually, the profiles of the NLMO and NLTMO electrodes 

become nearly indistinguishable after 30 cycles, as shown in Fig. 2.1g. This finding 

indicates that the nature of the oxygen redox becomes comparable for the two 

electrodes after sufficient cycle numbers in contrast to the previous belief regarding 

the stable oxygen-redox activity in the NLMO21,27,28. It also infers that the dissimilar 

behaviors of the oxygen redox in the NLMO and NLTMO electrodes may be simply 

rooted in the different rates of transition or degradation. 
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Fig. 2.1 | Structural and electrochemical properties of NLMO and NLTMO. a, 

HRPD patterns of NLMO and NLTMO with P3-type structure model. The 

superstructure peaks are located in the dotted regions in the diffraction patterns. 

Schematic illustrations of front and top views of the crystal structures of P3-type 

sodium layered oxides are shown. b, STXM spectra of O K-edge for the pristine and 

4.5-V-charged NLMO (left) and NLTMO (right). The differential spectra between 

the pristine and 4.5-V-charged states are shown together. After the charge up to 4.5 

V of both materials, a new peak at roughly 531 eV evolved (highlighted region in 
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the figure), providing solid evidence of the oxidation of the lattice oxygen29,30. c, 

Normalized charge–discharge curves of NLMO and NLTMO cycled in the voltage 

range of 2.0–4.5 V. The bottom graph compares the differential capacity (dQ dV−1) 

curves during the initial discharge process. d,e, Electrochemical curves for NLMO 

(d) and NLTMO (e) for C-rates ranging from 0.1C to 2C. In both graphs, the dotted 

charging curve corresponds to 0.2C. The dQ dV−1 curves below more clearly 

illustrate the contrasting behavior of the two materials. The dotted regions indicate 

the major change regions depending on the different rates. f, Charge–discharge 

profiles of NLMO for the 1st, 10th and 30th cycles operated in the voltage window 

of 2.0–4.5 V. The dQ dV−1 curves for NLMO after the 1st, 10th and 30th cycles are 

compared below the graphs. g, Overlay of electrochemical curves for NLMO and 

NLTMO after 30 cycles. The average discharge voltage curves for 30 cycles are 

presented below.  
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Fig. 2.2 | NLMO structure: a, front and b, top views. The top view shows the ribbon-

like ordering between Li and Mn ions. c, DOS of Mn and O atoms in the pristine 

NLMO. The dominant DOS below the Fermi level is attributed to oxygen, implying 

that oxygen mainly participate in the charge-compensation mechanism upon 

charging of pristine NLMO.
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Fig. 2.3 | NLTMO structure: a, front and b, top views. The top view shows the 

ribbon-like ordering between Li and Mn/Ti ions. c, DOS of Mn, Ti, and O atoms in 

the pristine NLTMO. The dominant DOS below the Fermi level is attributed to 

oxygen, implying that oxygen mainly participate in the charge compensation 

mechanism upon charging of pristine NLTMO.



23 

 

Fig. 2.4 | Mn K-edge XANES spectra for a, NLMO and b, NLTMO and Ti K-edge 

XANES spectra for c, NLTMO upon the initial charging. The reference spectra of 

Mn4+O2 and Ti4+O2 are displayed with dotted lines.
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Fig. 2.5 | Initial electrochemical profiles of NLMO and NLTMO cycled in the 

voltage range of 2.0–4.5 V. The initial charging capacities of NLMO and NLTMO 

were 109.1 and 134.94 mAh g–1, respectively, which can be converted to 0.37 and 

0.45 alkali ions to be extracted, respectively.
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Fig. 2.6 | Galvanostatic intermittent titration technique (GITT) results for a, NLMO 

and b, NLTMO for the initial cycle. Each step corresponds to the process of 

additional 10 mAh g–1 capacity with 0.2 current rate (C-rate) and is followed by a 5-

h relaxation step. In contrast to NLMO, where small voltage hysteresis between the 

charge and discharge curves was observed, fairly large voltage hysteresis appeared 

for NLTMO with a transition of the voltage profile from a plateau to a slanted curve.
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Fig. 2.7 | Full cycle graphs for the first 30 cycles of the a, charging and b, discharging 

process of the NLMO electrode and the c, charging and d, discharging process of the 

NLTMO electrode. The transition of the electrochemical profile from plateau-like to 

slanted curve was observed gradually over 30 cycles for the NLMO electrode, while 

that of the NLTMO electrode is rapidly occurring during the first few cycles.
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Table 2.1 | Lattice parameters of pristine NLMO and NLTMO. 
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2.3.2 Structural evolutions with distinct TM migration paths 

To explain the changes in the oxygen-redox reactions, we compared the structural 

evolutions of the NLMO and NLTMO electrodes. Figure 2.8a,b presents ex situ 

HRPD patterns of the NLMO and NLTMO electrodes, respectively, during the first 

cycle. Figure 2.8a shows that the NLMO electrode underwent a notably reversible 

phase transition during the initial cycle, with the (003) peak at 2θ = 15.7° reversibly 

recovered, and that the ribbon-like ordering with the superstructure patterns (red 

shaded) was well preserved after this cycle. Closer inspection of the pattern reveals 

that the (003) peak at 2θ = 15.7° gradually weakened with a new peak appearing at 

2θ = 17.3° (denoted with an asterisk) with charging, which is characteristic of a two-

phase reaction. Both phases could be indexed as the P3-type layered structure with 

the R3m space group, indicating that the layers maintain the prismatic sodium sites 

even in the desodiated state21. In contrast, as observed in the patterns of the NLTMO 

electrode in Fig. 2.8b, the (003) diffraction peak gradually shifted to a higher angle 

of 17.9° without the emergence of a new peak during charge, and this gradual peak 

shifts can be attributed to the solid-solution-like behavior arising from the formation 

of O–P hybrid layered structures on desodiation31,32. Although this process was 

reversed during the discharge, the diffraction patterns of the discharged NLTMO 

electrode did not fully match those of the pristine electrode (see further discussion 

in Fig. 2.9). More importantly, the ribbon-like ordering of NLTMO in the TM layer 

was lost and converted into honeycomb-like ordering at 2θ = 22.8° (blue shaded) 

after the first cycle. This result differs from that for the NLMO electrode, indicating 
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that substantial TM migration has occurred during the dynamic intercalation process 

of the NLTMO electrode. It is also noteworthy that this result contrasts with the 

previous finding that the ribbon-like ordering in the TM layer generally prohibits the 

migration of TMs in the structure, aiding in the reversible oxygen redox28. 

Raman spectroscopy analysis was conducted to compare the TM migrations in the 

NLMO and NLTMO electrodes, as shown in Fig. 2.8c,e, respectively. The peak at 

636.5 cm−1 is widely accepted as a signature of symmetric stretching (A1g) of the 

TM–O bond in layered structures, whereas the peak at 580 cm−1 arises from 

asymmetric stretching (E2g) of the Na–O bond33. Figure 2.8c shows that the A1g TM–

O vibration mode denoted by a circle is preserved without any additional peaks for 

the first cycle of the NLMO electrode, which is indicative of the unaltered TM–O 

nature, whereas the intensity of the Na–O E2g peak changes simply with de-/sodiation. 

Notably, this finding contrasts with the case of the NLTMO electrode shown in Fig. 

2.8e, where a new shoulder peak at 688 cm−1 (denoted by a rhombus) appeared and 

disappeared reversibly during the successive charge and discharge. According to 

previous studies, the new peak with a higher wavenumber of TM–O vibrations can 

be attributed to the substantial out-of-plane cation disorder with a new TM 

coordinating environment13,34. 

The presence of the out-of-plane TM migrations in the NLTMO electrode was more 

closely investigated by comparatively performing high-angle annular dark-field 

(HAADF)–scanning transmission electron microscopy (STEM) analysis on the 

NLMO and NLTMO samples. For the desodiated NLMO (Fig. 2.8d), alternating 
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bright TM layers and dark Na layers are clearly observed with an interlayer spacing 

of 5.55 Å, confirming that the spacing of the prismatic sites was well preserved35. In 

addition, consistent with the Raman observations, the out-of-plane cation disorder 

does not occur in the desodiated NLMO electrode. However, a noticeable amount of 

TM ions was observed to occupy the vacant Na sites in the desodiated NLTMO 

(denoted by the arrows in Fig. 2.8f). Moreover, some of the interlayer spacings were 

estimated to be 4.61 Å, markedly smaller than 5.55 Å and corresponding to the 

typical values observed for O-type layers with octahedral environments18,36. This 

result indicates that the charged state of the NLTMO adopts the O–P hybrid layered 

structures31, where the occupancy of TM in the Na layer is likely to induce the 

adoption of O-type layers. We also speculate that the loss of the ribbon-like ordering 

in the TM layer observed in Fig. 2.8b can be partly attributed to the substantial out-

of-plane migrations of the TM ions. The extra vacancies in the TM layers owing to 

the out-of-plane migrations would provide sufficient vacant sites for the in-plane 

cation (Li/TM) redistributions on the initial charging, causing the loss of the initial 

ribbon-like orderings and the formation of the honeycomb-like orderings. 
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Fig. 2.8 | Comparison of out-of-plane cation disorder in NLMO and NLTMO. 

a,b, Ex situ HRPD patterns of NLMO (a) and NLTMO (b) for each point in the 

electrochemical profiles. Magnified views of the patterns within the dotted regions 

are displayed on the right. The sharp peaks at 38°, 44° and 64° correspond to those 

from Al foil. c,e, Ex situ Raman spectra of NLMO (c) and NLTMO (e) for the same 

points as the HRPD measurements. The peak at 636.5 cm−1 (circle) is a signature of 

A1g of the TM–O bond in layered structures, whereas the peak at 580 cm−1 (square) 

arises from E2g of the Na–O bond33. Detailed deconvolution results of Raman spectra 

for the pristine, 4.5-V-charged and 2.0-V-discharged states of NLMO and NLTMO 

are presented on the right, respectively. The yellow (circle), blue (square) and red 

shaded peaks (rhombus) are associated with the original TM–O (A1g), Na–O (E2g) 

and defective TM–O vibrations (A′1g), respectively. d,f, HAADF–STEM images 

along the [010] zone axis for the 4.5-V-charged NLMO (d) and NLTMO (f). Scale 

bars, 2 nm. The graphs on the right are the HAADF signal profiles of the regions 

enclosed by the dotted lines in the STEM images.
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Fig. 2.9 | Comparison of the pristine and 2.0-V-discharged states for the normalized 

(003) diffraction peaks in a, NLMO and b, NLTMO. In contrast to the case for 

NLMO, where the FWHM did not change between the pristine and fully discharged 

electrodes, a significantly wider FWHM was observed for the 2.0-V-discharged 

NLTMO, indicating that the structure of the cycled NLTMO was in a highly strained 

and stressed state.
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2.3.3 Effect of TM migrations on the oxygen redox 

Inspired by the distinct behaviors of the TM migrations observed for the two 

electrodes, we attempted to gain further insight into the effect of the TM migrations 

on the oxygen redox through theoretical considerations of the electronic and 

magnetic structures. When the lattice oxygen is oxidized, holes are created, yielding 

unpaired electrons in the orphaned oxygen 2p states. The change in the 

electronic/magnetic structure can subsequently occur via various types of interaction 

with neighboring oxygen and TM ions, which involves dynamic electron transfer15. 

We deduce that the oxidized oxygen in the lattice can be in a state of (1) non-

stabilized oxygen, (2) π-stabilized oxygen or (3) σ-stabilized oxygen, accompanied 

by localized holes, delocalized holes by TM–O coupling or delocalized holes by O–

O dimerization, respectively, as schematically illustrated in Fig. 2.10a. According to 

previous studies8,22,37,38, π-stabilization is readily formed between the oxygen and 

neighboring TM in a pristine layered structure due to the intrinsic directional 

coordination involving oxygen 2p and TM 3d orbitals. However, it is noteworthy 

that density functional theory (DFT) calculations revealed that when the out-of-plane 

TM migrations occur, the TM–O decoordination that is usually accompanied by the 

TM migration strongly promotes the σ-stabilized O–O dimerization, regardless of 

the type of migrating cation (Fig. 2.11). Figure 2.10b illustrates that the dangling 

oxygen ion is generated near the vacant TM defect sites, weakening the potential π-

stabilization between the oxygen and TMs. Moreover, the formation of short oxygen 

dimers was subsequently induced with lengths of 1.34 and 1.42 Å  in the vicinity of 
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the out-of-plane TM migration. Considering the significant TM migration observed 

in the desodiated NLTMO electrode, a substantial number of single- or even non-

coordinated oxygens are expected to evolve during charging, which would probably 

form the short oxygen dimers with the adjacent oxygen ions for stabilization. 

The changes in the oxygen nature were further supported by comparative magnetic 

measurements of the NLMO and NLTMO electrodes using a superconducting 

quantum interference device (SQUID)39,40. Through Curie–Weiss fitting of the 

susceptibility curves between 180 and 250 K (Fig. 2.12), the effective magnetic 

moments of the two electrodes were extracted as a function of the state of charge 

(SOC) and plotted in Fig. 2.13a,b. The magnetic moments of the pristine NLMO and 

NLTMO electrodes were measured to be 3.94 and 3.92 μB, respectively; these values 

are close to the expected value of the high-spin Mn4+ ions (3.87 μB), confirming that 

the oxidation states of Mn ions are close to +4 in both pristine electrodes. However, 

on charging (that is, oxygen oxidation), the two electrodes exhibited opposite 

behavior in the change of the effective magnetic moments with the SOCs. Notably, 

the magnetic moment of the NLTMO electrode increased with two positive slopes 

along with the oxygen oxidation, whereas that of the NLMO electrode decreased 

with a constant slope. This finding clearly supports the contrasting oxygen 

stabilization mechanisms in the two systems, considering the relationship between 

the electronic structure expected for the different types of oxygen state and the 

magnetic moments of the materials (see the caption of Fig. 2.10a for details). In 

addition, the quantitative analysis of the slopes in Fig. 2.13a,b offers a more detailed 
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picture of the oxygen stabilization process during the charge. Details on the 

calculations of the fractions are provided in Chapter 2.3.5. The quantitative results 

in Fig. 2.13c revealed that the most prominent interaction in region 1 of the NLMO 

electrode was the π-type interaction, which accounts for approximately 62.6% of the 

oxidized oxygen, suggesting that most oxygen holes in the charged NLMO electrode 

were likely to be delocalized with the neighboring Mn ions. In contrast, the oxygen 

holes in the charged NLTMO electrode tended to be delocalized through the σ 

interaction of O–O pairing, as indicated by regions 1 and 2 in Fig. 2.13d. In particular, 

during the later charging process of the NLTMO electrode, the fraction of σ-

stabilized oxygen was as high as 95.7%, signifying that almost all the oxygen holes 

were delocalized through the O–O pairing. This quantitative result is consistent with 

our theoretical calculations, which suggested that the out-of-plane TM migration in 

the NLTMO induces the subsequent oxygen dimerization between the adjacent 

lattice oxygen ions. On discharging, the magnetic moment of 3.91 μB in the fully 

discharged state of the NLMO is close to the value of 3.94 μB of the pristine NLMO, 

indicating the reversible change in the magnetic moment. The deconvoluted result 

in Fig. 2.13e reveals that lattice oxygen ions oxidized by each type of stabilization 

are reversibly reduced with a percentage very similar to that when they were oxidized, 

indicating the non-hysteretic behavior of the electron transfer along the successive 

charge and discharge process in the NLMO electrode. In contrast, the NLTMO 

electrode exhibited different behavior in the change of the effective magnetic 

moments during charging and discharging. Notably, the magnetic moment decreased 
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with a constant slope during the reduction process while increasing with two slopes 

during the oxidation process, signifying that the electron transfer in the NLTMO 

electrode is hysteretic. Moreover, the magnetic moment of the discharged NLTMO 

electrode was measured to be 4.02 μB, which differs from that of the pristine NLTMO 

electrode (3.92 μB). Although the σ-type stabilization mechanism remains a 

dominant reaction even during discharge (68.5% of oxidized lattice oxygen ions, Fig. 

2.13f), it is notable that the non-stabilized lattice oxygen ions are reduced with a 

fairly large percentage of 23.3% at the beginning of discharge compared with 3.2% 

at the end of charge. We expect this asymmetry in the NLTMO electrode to be 

attributable to the redistribution of the electronic structure of the oxygen owing to 

the strong σ-type O–O interaction in the presence of the TM migration, as described 

in Chapter 2.3.6. It is supposed that the reversed electronic states of the fully charged 

states of NLTMO eventually induce a detour of the thermodynamic path in the 

discharging process, triggering the voltage hysteresis. Moreover, because the dimer 

formation entails structural rearrangements involving TM migrations, the kinetic 

properties would become comparatively sluggish, explaining the inferior rate 

performance of the NLTMO electrode in Fig. 2.1e. These findings indicate that the 

oxygen stabilization mechanism plays a crucial role in the thermodynamic and 

kinetic properties of the oxygen redox in the layered materials. 

 

 



37 

 

Fig. 2.10 | Redox stabilization mechanisms of oxidized lattice oxygen. a, 

Schematic illustration of molecular orbital diagram for the pristine state and three 

different charged cases. In the pristine state, the dotted black arrow of O2− (2p) 

corresponds to the electron to be extracted on charging. The yellow line and arrow 

are associated with O ions, whereas the green ones are attributed to Mn ions. The 

green arrows and yellow dotted arrows indicate electrons of coordinated Mn and O 

ions, respectively. For the non-stabilized oxygen, the total magnetization should 

simply increase with the oxygen oxidation due to the creation of this localized hole. 

However, when the oxygen has the appreciable interaction with a neighboring Mn, 

the holes in the oxygen 2p state can be delocalized through the formation of a new π 

state, where the unpaired electrons in the Mn t2g states are also shared. In this case, 

the total magnetization would decrease whenever oxygen holes are generated. 

Alternatively, the holes of oxidized oxygen can be delocalized through the 
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dimerization with a nearby lattice oxygen, which is known to be preceded by a 

metal–oxygen decoordination process11. The oxygen dimerization creates the σ 

states, and the unpaired electron would occupy the antibonding σ* state, increasing 

the magnetic moments of the system9,20. b, Computational prediction of O–O 

dimerization stabilized by out-of-plane cation disorder. On the basis of the 

inductively coupled plasma results from the NLTMO electrode, the composition was 

assumed to be a fully desodiated structure (that is, Na0(Li0.2Ti0.2Mn0.6)O2). The 

schemes show the out-of-plane structural disordering along the front and top views, 

and the arrow in the schemes indicates the cation-migration pathway. The yellow 

TMO6 octahedron represents the out-of-plane migrated TM. The bond lengths of O–

O and the adjacent TM–O are specified in the magnified view. 
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Fig. 2.11 | a, In-plane cation arrangement in the most stable structure of NLTMO. 

Comparison of structures after relaxation when b, Ti (A) and c, Mn 3 (D) ions in a 

migrate to their final sites. Oxygen shown in yellow represents σ-stabilized oxygen 

through dimer formation in this process. Oxygen dimers were formed in the most 

stable structures irrespective of the migrating TM species (see more details in Table 

2.2).
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Fig. 2.12 | Temperature dependence of the reciprocal magnetic susceptibility of the 

NLMO electrode for the a, charging and b, discharging process and of the NLTMO 

electrode for the c, charging and d, discharging process. NLMO showed 

antiferromagnetic behavior with Néel temperature of 16 K for the pristine electrode, 

whereas NLTMO exhibited paramagnetic characteristics40.
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Fig. 2.13 | Quantification of the contribution of each oxygen stabilization 

mechanism in NLMO and NLTMO. a,b, Effective magnetic moments of NLMO 

(a) and NLTMO (b) for SOC depending on the different SOC during the initial 

charging and discharging process. c–f, Quantitative deconvolution results of the 

slopes for region 1 (c) and region 2 (e) of NLMO, and regions 1 and 2 (d) and region 

3 (f) of NLTMO. The values in the figures represent the percentages of each of the 

respective mechanisms (average values).  
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Table 2.2 | Relative site energies along each out-of-plane migration path of TM ions 

specified in Fig. 2.11. 
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2.3.4 Gradual O–O dimer formation and its direct visualization 

Despite the seemingly intact structural stability of the NLMO electrode, 

degradation of the electrochemical profile gradually and eventually occurred, as 

depicted in Fig. 2.1f–g. We thus carefully re-examined the structural evolution of the 

NLMO electrode with extended cycling. As described in Chapter 2.3.8, the P-type 

layered structure was well preserved for the NLMO electrode with the absence of 

the out-of-plane TM migration even after 30 cycles. Nevertheless, the (003) peak 

intensity and full-width at half-maximum in the HRPD patterns deteriorated 

noticeably with the extended cycling (Figs. 2.14 and 2.15). More importantly, the 

superstructure peaks corresponding to ribbon-like ordering in the TM layer 

completely disappeared after 30 cycles, as observed in Fig. 2.16a. These results 

indicate that substantial TM migrations other than the out-of-plane migration 

occurred and caused the partial structural inhomogeneity, strongly indicating the 

presence of in-plane TM migrations in the TM layer. It is also notable that the Li 

contents in the TM layer progressively decreased on cycling, as shown in Fig. 2.16b 

(see further details in Tables 2.3 and 2.4). This result indicates that sufficient vacant 

sites in the TM layer were created, especially during the later cycles, which would 

facilitate the in-plane TM migration and the subsequent disordering of the TM layer. 

This speculation was supported by the additional experiments discussed in Chapter 

2.3.9, where we observed that the in-plane migration is critically dependent on the 

lithium/vacancy (Li/V) concentrations in the TM layer. 

To further probe the TM layer rearrangements in the NLMO electrode, extended X-
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ray absorption fine structure analysis of the electrodes after 1, 10, 20 and 30 cycles 

was additionally conducted (Fig. 2.17 and Table 2.5). Figure 2.16c shows the fitted 

values of the Debye–Waller factor, which indicates the structural disorder, for every 

ten cycles. The Debye–Waller factor of the Mn–M6 shell continuously increased with 

cycling, supporting the idea that in-plane disordering in the TM layer occurs 

gradually, whereas the factor of the Mn–O6 shell remained nearly constant during 

the electrochemical cycling. The continuous reduction of Mn in NLMO in later 

cycles, as shown via the Mn K-edge in Fig. 2.16d, is reminiscent of the case for 

NLTMO, where the oxidized oxygen ions were stabilized by O–O pairing causing 

the reversed electronic states in the fully charged states, as explained in Chapter 2.3.6. 

This result indicates that the in-plane antisite defects in the TM layer also induced 

the gradual oxygen dimerization in NLMO, as will be discussed further. 

Clear evidence of the oxygen dimers was provided by comparing the annular 

bright-field (ABF) –STEM images for the charged NLMO electrodes after 1 and 30 

cycles in Fig. 2.16e,f, respectively. The ABF image of the first charged electrode in 

Fig. 2.16e reveals the highly ordered structure of NLMO, where the manganese and 

oxygen atomic features are evident and well aligned along the axis. In contrast, for 

the charged electrode after 30 cycles in Fig. 2.16f, the intensities of the oxygen 

signals near the TM columns are weaker than those in the first charged sample, 

indicating that the oxygen sites were greatly distorted. The lattice distortion over the 

oxygen regions is more obviously confirmed by the signal profiles along the 

horizontal direction in the insets of Fig. 2.16e,f. In contrast to the charged NLMO 
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after the first cycle where the single oxygen peak was clearly observed, the oxygen 

peaks could be indexed by two Gaussian functions, indicating that the distorted 

signals can be attributed to two oxygen ions with unusually short distance between 

them, that is, oxygen dimers. 

To further assign the features of the oxygen dimers, we performed Raman analysis 

to estimate the bonding lengths between the oxygen ions from the vibrational 

frequency (Chapter 2.3.10)41. As indicated by the green area in Fig. 2.16g, two 

characteristic peaks were clearly discerned at 1,164.7 and 1,292.2 cm−1, and 

according to previous reports28,41, these frequencies account for the oxygen bond 

lengths of 1.28 and 1.33 Å, respectively. The estimated oxygen dimer distance is in 

a reasonable agreement with our DFT calculations (that is, 1.34 and 1.42 Å) in Fig. 

2.10b. Additionally, we detected a low-frequency peak at 477.7 cm−1, which is 

attributed to the TM–(O–O) vibration, demonstrating the simultaneous formation of 

Mn–O2 configurations42,43. Its presence indicates that the oxygen that loses its 

coordination due to the TM migration tends to bind to the adjacent O–Mn 

configuration. We observed that the integrated intensities of both O–O and TM–(O–

O) signals continuously increase on repeated cycles, as illustrated in Fig. 2.16h. This 

systematic increase of the dimer-related vibration peaks with cycling is attributed to 

the progressive in-plane TM migration in the NLMO assisting the oxygen 

dimerization on repeated cycling, as supported by our theoretical calculations in 

Chapters 2.3.11 and 2.3.12. 

Overall, the characterization of the NLMO electrode unequivocally confirms that 
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the gradual transition of the oxygen chemistry is caused by the progressively 

occurring in-plane TM movements, whereas the rapid out-of-plane TM migration 

dominated the structural evolution of the NLTMO electrode. As shown in Fig. 2.16b, 

the in-plane TM migration is coupled with the Li/V concentration and promoted by 

the sufficient number of vacant sites in the TM layer. As the electrochemical cycling 

of the NLMO electrode would inevitably involve the partial extraction of lithium 

ions from the structure at every cycle, the in-plane TM migration is thus accelerated 

with increasing cycle number. This relation also indicates that the Li substitution 

itself happens in the TM layer, which is essential to form the non-bonding state for 

the oxygen-redox activity, can have adverse effects on the reversibility of the 

oxygen-redox reaction; thus, the trade-off relationship must be carefully considered. 
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Fig. 2.14 | a, Ex situ HRPD patterns and b, Raman spectra of NLMO after 1, 10, and 

30 charge cycles. The sharp peaks at 38° and 44° correspond to those from Al foil. 

c, HAADF-STEM image of charged NLMO after 30 cycles. The graph on the right 

is the HAADF signal profile of the region enclosed by the dotted lines in the STEM 

image. The observed interlayer distance was 5.67 Å, confirming the prismatic sites 

of Na layers35.
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Fig. 2.15 | Comparison of the pristine and 1- and 30-cycled NLMO for the 

normalized (003) peaks. The full width at half maximum (FWHM) of the electrode 

after 30 cycles was noticeably larger than that of the initial electrode, indicating that 

the structure of the 30-cycled NLMO was in a highly strained and stressed state.
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Fig. 2.16 | Oxygen dimerization generated by in-plane cation disorder in NLMO. 

a, Comparison of the superstructure peaks for NLMO after 1 and 30 cycles. b, 

Remaining Li content in the charged NLMO electrode over extended cycling. f.u., 

formula units. c, Fitting results of Debye–Waller factor for the first and second shells 

of the Mn ions. The first and second shells in the Mn K-edge data correspond to the 

closest manganese–oxygen (Mn–O6) and manganese–metal (Mn–M6; M:Li or Mn in 

the same layers) bonds, respectively. The data were collected every ten cycles. d, Mn 

K-edge XANES spectra of NLMO after 1, 10, 20 and 30 cycles. The arrow in the 

graph highlights the drastic shift towards low energy with cycling. e,f, ABF–STEM 

images along the [010] zone axis for the 4.5-V-charged NLMO in cycle 1 (e) and 

cycle 30 (f). Along the [010] zone axis, alternating MnO6 layers and vacant Na layers 
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were visibly projected. The blue and red spheres represent Mn and O features, 

respectively. The blue and yellow polyhedra represent Mn octahedral sites and 

vacant Na prismatic sites, respectively, in the P3-type stackings. Scale bars, 2 nm. 

The graphs below show the ABF signal profiles of the regions enclosed by the 

squares in the STEM images. g, Raman spectrum of NLMO after 30 charge cycles 

and fitting results with several individual peaks. The newly emerged yellow and 

green peaks after cycling correspond to Mn–(O–O) and (O–O) vibrations, 

respectively. The grey peaks arise from the well-known 3F2g, E2g and A1g vibration 

modes, respectively33,44. h, Variation of the integrated intensity for the Mn–(O–O) 

and (O–O) vibrations on cycling of the NLMO electrode. 
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Fig. 2.17 | a, EXAFS spectra of the cycled NLMO for Mn K–edge. The data were 

measured every 10 cycles. The progressive decrease of the peak intensities can be 

attributed to the gradual reduction of the oxidation states of Mn upon cycling. Fitted 

graphs of the b, 1-cycled, c, 10-cycled, d, 20-cycled, and e, 30-cycled NLMO. The 

detailed fitting results are described in Table 2.5.
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Table 2.3 | ICP-AES results for NLMO and NLTMO during the initial cycle. The 

values are normalized to the Mn ions. 
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Table 2.4 | ICP-AES results NLMO for 10 and 30 cycles in the voltage range of 2.0–

4.5 V. The values are normalized to the Mn ions. 
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Table 2.5 | EXAFS structure parameters for the 1-, 10-, 20-, and 30-cycled NLMO 

operated between 2.0 and 4.5 V. The result for the 30-cycled NLMO with operation 

between 3.75–4.5 V is also presented. 
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2.3.5 Contribution of each oxygen stabilization mechanism 

From the slopes in the plot, the fraction of the different types of oxidized oxygen 

were quantitatively deconvoluted for the respective regions in Figs. 2.13a and b, as 

depicted comparatively in Figs. 2.13c–f. To quantify the percentages that each 

stabilization mechanism contributes in the NLMO and NLTMO electrodes during 

charging, we labeled the 0%, 25%, 50%, 75%, and 100% SOC as 1, 2, 3, 4, and 5, 

respectively, to simplify the calculations. The experimentally determined slope of 

NLMO was then calculated to be –0.0383, and those of NLTMO were 0.1191 and 

0.1989 for the start and end of charging, respectively. As described in the main text, 

three types of oxygen: (i) non-stabilized oxygen (localized holes), (ii) weak π-

stabilized oxygen (delocalized holes by TM–O coupling), and strong σ-stabilized 

oxygen (delocalized holes by O–O dimerization) mechanisms were considered for 

both electrodes. As the number of electrons extracted during charging can be 

calculated from the capacity using the molecular weight, exact quantification of the 

electrons transferred for each case was possible. Specifically, the charge capacities 

of NLMO (91.13 g mol–1) and NLTMO (89.72 g mol–1) at point 3 (SOC 50) were 

54.55 and 67.47 mAh g–1, respectively, which were converted to 0.185 (denoted as 

‘a’) and 0.226 (denoted as ‘b’) electrons, respectively. Considering the different 

electron dynamics in each case, the number of unpaired electrons differed 

substantially depending on the stabilization mechanism and was calculated as the 

sum of mol ×  number of unpaired electrons for each ion (∑ moli ×i

unpaired e− of i): (i) 0.8 × 3Mn + a × 1O, (ii) (0.8 − a) × 3Mn + a × 2Mn−O, 
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and (iii) (0.8 − a) × 3Mn + a × 4Mn−(O−O)  for the NLMO electrode and 

(i) 0.6 × 3Mn + b × 1O , (ii) (0.6 − b) × 3Mn + b × 2Mn−O , and (iii) (0.6 −

b) × 3Mn + b × 4Mn−(O−O) for the NLTMO electrode. As a result, the effective 

magnetic moments at point 3 (SOC 50) were (i) 3.96, (ii) 3.66, (iii) 4.13 in NLMO 

and (i) 4.02, (ii) 3.52, (iii) 4.29 in NLTMO when the moments were normalized to 

the total number of Mn ions, deriving slopes of (i) 0.0443, (ii) –0.1075, (iii) 0.13 in 

NLMO and (i) 0.0716, (ii) –0.1784, (iii) 0.2077 in NLTMO between points 1 and 3. 

Using these values, the observed slopes of NLMO and NLTMO were accordingly 

deconvoluted using the linear combination method. To be more specific, set each of 

the slopes of case (i), (ii), and (iii) calculated above to 𝑥1, 𝑥2, and 𝑥3, respectively, 

and then set the fractions of non-, π-, and σ-stabilized oxygen to 𝛼, 𝛽, and 𝛾, 

respectively. Describing the experimentally observed slopes for the three regions in 

Figs. 2.13a–b (Region 1 in Fig. 2.13a and Region 1 and Region 2 in Fig. 2.13b) as 

∆, one linear equation of ∆= 𝛼𝑥1 + 𝛽𝑥2 + 𝛾𝑥3 is derived with three variables of 

𝛼, 𝛽, and 𝛾. This equation can be simplified to ∆= (1 − 𝛽 − 𝛾)𝑥1 + 𝛽𝑥2 + 𝛾𝑥3 =

𝑥1 + 𝛽(𝑥2 − 𝑥1) − 𝛾(𝑥1 − 𝑥3)  due to the boundary conditions ( 𝛼 + 𝛽 + 𝛾 =

1, 𝛼 ≥ 0, 𝛽 ≥ 0, 𝛾 ≥ 0), which is rearranged to 𝛽 =
∆−𝑥1+(𝑥1−𝑥3)𝛾

𝑥2−𝑥1
. Because the 

values containing ∆, 𝑥1 , 𝑥2 , and 𝑥3  are the calculated values, the equation is 

eventually simplified to a linear equation of 𝛽 = ε + 𝜔𝛾 (ε =
∆−𝑥1

𝑥2−𝑥1
, 𝜔 =

𝑥1−𝑥3

𝑥2−𝑥1
). 

The linear function graphs for each region are shown in Figs. 2.18a–c. We can 

deduce that the sum of the π- and σ-stabilized oxygen fractions (𝛽 + 𝛾) is between 0 
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and 1 due to the boundary conditions ( 𝛼 + 𝛽 + 𝛾 = 1, 𝛼 ≥ 0, 𝛽 ≥ 0, 𝛾 ≥ 0 ). 

Therefore, by changing the relation of 0 ≤ 𝛽 + 𝛾 ≤ 1 to 𝛽 ≥ −𝛾 and 𝛽 ≤ −𝛾 +

1, the range of solutions for 𝛼, 𝛽, and 𝛾 can be derived by intersecting the three 

linear relations (𝛽 = ε + 𝜔𝛾 , 𝛽 ≥ −𝛾 , and 𝛽 ≤ −𝛾 + 1 (𝛽 ≥ 0, 𝛾 ≥ 0)) , as 

shown in Figs. 2.18a–c. According to the results, the oxygen ions of the NLMO 

electrode follow the pathways of (i), (ii), and (iii) at a percentage of 22.8%, 62.6%, 

and 14.6%, respectively. In contrast, percentages of 32.5%, 11.5%, and 56.0% were 

calculated for mechanisms (i), (ii), and (iii) for the NLTMO electrode at the start of 

charging and changed to 3.2%, 1.1%, and 95.7%, respectively, in the highly charged 

state. The percentage at which each stabilization mechanism participates during the 

discharge process was also quantitatively deconvoluted in the same way. For 

reference, in the case of the NLTMO electrode, quantitative analysis was performed 

on the initial four discharge points, excluding the last point, where Mn ions 

participate in the charge compensation mechanism (Fig. 2.19). 
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Fig. 2.18 | Linear function graphs for the quantitative deconvolution of the slopes in 

the a, Region 1 and d, Region 2 of NLMO and b, Region 1, c, Region 2, and e, 

Region 3 of NLTMO using the fractions of π- (β) and σ-stabilized oxygen (γ). The 

shaded regions indicate boundary conditions of the linear equation in Chapter 2.3.7, 

and the red lines represent possible solutions in each region.
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Fig. 2.19 | Mn K-edge XANES spectra for a, NLMO and b, NLTMO for nine points 

in the electrochemical curve. The additional spectra in the graphs are reference 

spectra for the oxidation states of 3+ and 4+ with Mn2O3 and MnO2 materials, 

respectively. Half-edge energy positions of NLMO and NLTMO during the 

successive charge and discharge process are presented below, respectively.
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2.3.6 Modification of electronic structure through oxygen 

dimerization 

We further verified that the σ-stabilized oxygen displays a redox potential that is 

markedly distinct from that of the pristine non-stabilized oxygen. The partial density 

of states (pDOS) of the oxygen 2p orbitals in Fig. 2.20a shows that the short oxygen 

dimerization occurring with the TM migration significantly redistributes the 

electronic structure of the oxygen owing to the strong σ-type O–O interaction. The 

pristine non-bonding O2p states are reorganized into sharp and discrete states 

corresponding to σ-type O–O bonds, thereby lifting the overall oxygen states from 

below the Fermi level to far above the Fermi level. Considering that the shifted O–

O states are located at far higher energy states than the minimum of empty (Mn–O) 

eg* states, as highlighted in the DOS of Fig. 2.20b, a partial Mn reduction prior to 

complete oxygen reduction is expected upon discharge process, triggering the 

voltage hysteresis. Notably, this speculation was experimentally confirmed by our 

X-ray absorption near-edge spectroscopy (XANES) analysis (see Fig. 2.19, Figs. 

2.21 and 2.22, and Chapter 2.3.7 for details). Considering that the lattice oxygen of 

the two electrodes were stable against O2 gas evolution (Fig. 2.23 and Table 2.6), the 

results in Fig. 2.19 and Figs. 2.20a–b indicate that the redox transition in NLTMO 

entirely originates from O–O dimer formation.   
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Fig. 2.20 | a, pDOS of individual oxygen atoms involved in O–O dimerization before 

and after cation-migration process in the Na0(Li0.2Ti0.2Mn0.6)O2 structure. b, DOS of 

total, Mn, and Ti atoms in the same model structure with cation migration. The pDOS 

of the O2p states is concomitantly plotted below for comparison. The dotted lines in 

the graphs indicate the Fermi level.
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Fig. 2.21 | Ti K-edge XANES spectra for NLTMO for nine points in the 

electrochemical curve. The additional spectra in the graphs are reference spectra for 

the oxidation states of 3+ and 4+ with Ti2O3 and TiO2 materials, respectively. Half-

edge energy positions of NLTMO during the successive charge and discharge 

process are presented below.
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Fig. 2.22 | EXAFS spectra (Mn K-edge) of a, NLMO and b, NLTMO for nine points 

in the electrochemical curve displayed in Fig. 2.19. A noticeable change was 

observed for NLTMO at the end of discharge with decreased intensities for the first 

and second shells. Considering that Mn was reduced from 4+ to 3+ in this region, 

this variation can be attributed to the modification of the local environment of Mn 

by changing the ionic radius of Mn ions.
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Fig. 2.23 | DEMS results for a, NLMO and b, NLTMO during the initial two cycles. 

No O2 gas was detected, and only a small amount of CO2 gas was detected for both 

electrodes. This stability against oxygen gas evolution in the sodium layered oxide 

electrodes is consistent with previously reported experimental results28,31,45.
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Table 2.6 | Gas quantification through the DEMS analysis of NLMO and NLTMO 

during the initial two cycles. 
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2.3.7 Modification of charge-compensation mechanism through 

oxygen dimerization 

Fig. 2.19 presents the Mn K-edge absorbance spectra of the NLMO and NLTMO 

electrodes, respectively, during the successive charge and discharge process. It 

shows that the Mn edge position of the NLTMO changes slightly initially, however, 

upon discharge to 2.0 V, abruptly shifts toward a lower energy close to that of the 

Mn3+
2O3 reference, accounting for the partial reduction of Mn4+ to Mn3+ in the low-

voltage region, while that of the NLMO hardly deviates from the initial oxidation 

state of Mn4+ over the entire voltage range. The Ti K-edge absorbance spectra of the 

NLTMO electrode also maintains the initial oxidation state of Ti4+ almost constantly 

during the successive charge and discharge process, as shown in Fig. 2.21. 

Considering that the half-energy differences between Mn4+O2/Mn3+
2O3 and 

Ti4+O2/Ti3+
2O3 reference materials are 2.16 and 4.96 eV, respectively, the energy 

oscillations of 0.3 eV (Mn K-edge) in the NLMO electrode and 0.41 eV (Ti K-edge) 

in the NLTMO electrode are comparatively small. Such a minor shift does not reflect 

a reduction of Mn/Ti to 3+ but is instead supposed to be due to structural distortions, 

according to previous papers6,46,47. These observations are remarkably consistent 

with the results of the DOS in Fig. 2.20b, and are attributed to the oxygen 

stabilization mechanism in the presence of the TM migration, i.e., O–O pairing.  
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2.3.8 Absence of the out-of-plane TM migration in NLMO 

Figs. 2.14a and b present ex situ HRPD patterns and Raman spectra of the NLMO 

electrodes after 1, 10, and 30 cycles in the fully charged states, where significant out-

of-plane TM migrations were observed in the NLTMO counterpart. The 

characteristic two-phase reaction of the NLMO electrode was consistently retained, 

clearly exhibiting the two (003) peaks at 2𝜃 = 15.7° and 17.3° in the charged state 

over the 30 cycles, which differs from the O–P hybrid structure formation of the 

NLTMO involving the significant TM migrations. Moreover, the signature of the 

out-of-plane TM migrations such as a shoulder peak at 688 cm–1 did not appear in 

the Raman spectra even after 30 charging cycles. The STEM characterization in Fig. 

2.14c further supports that the P-type layered structure was well preserved for the 

NLMO electrode even after 30 cycles, implying the absence of the out-of-plane TM 

migration either in the charged or discharged states for the 30 cycles. 
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2.3.9 Lithium/vacancy concentration dependent in-plane migration 

When the NLMO electrode was cycled between 3.75 and 4.5 V, the high-voltage 

plateau was still observed during the discharge process even after 30 cycles, 

implying that irreversible transitions of the oxygen network are remarkably 

suppressed in this case (Fig. 2.24). Because we demonstrated the strong coupling 

between the evolution of the voltage profile and the in-plane MnLi defect formation 

in the NLMO electrode, the Li content for the 10th and 30th cycled electrodes 

operating between 3.75 and 4.5 V was further quantified to clarify the dependency 

of such migration on the Li/V concentrations and the effects on the oxygen-redox 

profiles redox (Table 2.7). The results indicated that the 30th charged electrode 

contained approximately two times more Li than the electrode cycled between 2.0 

and 4.5 V for 30 cycles, and the Li content was even greater than that of the electrode 

operated for 10 cycles in the voltage range of 2.0–4.5 V (see Table 2.4). The well-

preserved Li content in NLMO over extended cycling inhibits in-plane cation 

movements, thereby suppressing the formation of oxygen dimers, which is the origin 

of the thermodynamic and kinetic challenges of the lattice oxygen redox. The 

complementary HRPD, Raman, STEM, and XANES characterization unequivocally 

confirmed the structural robustness of NLMO when cycled between 3.75 and 4.5 V 

(Figs. 2.25–2.28). Figs. 2.25 and 2.26 show that both out-of-plane and in-plane 

cation disordering were noticeably alleviated, resulting in an electrode material free 

of strain and stress. In addition, we identified the weak transition of the electronic 

structure in the 30-cycled electrode operated between 3.75 and 4.5 V; a small edge 
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shift toward lower energy was observed in the XANES spectra even when the cycled 

electrode was further discharged to 2.0 V. In addition, its edge position was close to 

that of the 10-cycled electrode operated between 2.0 and 4.5 V, as shown in Fig. 2.27. 

Consistent with the Li/V concentration results, these structural behaviors 

comprehensively verify the importance of cation disordering in the redox 

stabilization of lattice oxygen and the irreversible nature of lattice oxygen 

electrochemistry. Fig. 2.28 shows the structurally well-aligned single oxygen 

environment, demonstrating again the stable oxygen network without the irreversible 

rearrangements in the NLMO electrode cycled between 3.75 and 4.5 V. 
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Fig. 2.24 | a, Charge–discharge profiles of NLMO for the 1st and 30th cycles 

operated in the voltage window of 3.75–4.5 V. b, Comparison of dQ dV–1 curves for 

the 1st and 30th cycled NLMO under different cycling conditions (top: 2.0–4.5 V, 

bottom: 3.75–4.5 V). The high-voltage plateau remaining at 30 cycles when the 

NLMO electrode was cycled between 3.75 and 4.5 V implies that irreversible 

transitions of the oxygen network are significantly suppressed under this cycling 

condition compared with those in the voltage range of 2.0–4.5 V.
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Fig. 2.25 | a, Ex situ HRPD patterns and b, Raman spectra for the 1st charged, 10th 

charged, and 30th charged NLMO cycled between 3.75 and 4.5 V. The two-phase 

reaction is observed to be well maintained with extended cycling (denoted with 

asterisk). The sharp peaks at 38° and 44° correspond to those from Al foil. The well-

preserved A1g vibration in the Raman spectra implies the absence of out-of-plane 

cation migration even when the NLMO electrode was cycled between 3.75 and 4.5 

V. c, HAADF-STEM image of charged NLMO (3.75–4.5 V) after 30 cycles. The 

graph on the right is the HAADF signal profile of the region enclosed by the dotted 

lines in the STEM image. The observed interlayer distance was 5.61 Å, confirming 

the prismatic sites of the Na layers35.
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Fig. 2.26 | Comparison of the 1-cycled (2.0–4.5 V) and 30-cycled (3.75–4.5 V) 

NLMO for a, normalized (003) and b, superstructure peaks. The well-maintained 

FWHM and preserved superstructure itself even after 30 cycles indicate the highly 

ordered structure of NLMO without in-plane cation disordering, strain, or stress.
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Fig. 2.27 | a, Mn K–edge XANES and b, EXAFS spectra for the 1- and 10-cycled 

(2.0–4.5 V) and 30-cycled NLMO (3.75–4.5 V). All the spectra were measured for 

the 2.0-V-discharged state after cycling under each individual cycle condition. The 

similarities between the 10-cycled (2.0–4.5 V) and 30-cycled (3.75–4.5 V) NLMO 

imply the similar oxidation state of Mn and eventually similar degree of O–O 

dimerization in the two electrodes. The fitting graph for NLMO operated between 

3.75 and 4.5 V for 30 cycles is presented in c. The detailed fitting results are 

presented in Table 2.5.
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Fig. 2.28 | ABF-STEM images for the 30th charged NLMO in the voltage range of 

3.75–4.5 V. The blue and red spheres represent Mn and O features, respectively. The 

blue and yellow polyhedra represent Mn octahedral sites and vacant Na prismatic 

sites, respectively, in the P3-type stackings. The graph below shows the ABF signal 

profile of the region enclosed by the dotted square in the STEM image. The single 

Gaussian peaks for the oxygen environment indicate the stable oxygen network of 

the material without structural distortion even after 30 cycles.
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Table 2.7 | ICP-AES results NLMO for 10 and 30 cycles in the voltage range of 

3.75–4.5 V. The values are normalized to the Mn ions. 
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2.3.10 Detection of short O–O related vibrations 

Although the direct measurement of the short oxygen bond length (< 1.34 Å) has 

not yet been achieved for battery electrodes, to the best of our knowledge, previous 

Raman studies on various metal complexes containing O–O collectively suggest that 

the presence of the short oxygen dimers display the characteristic vibration 

frequency in the range of 1100 and 1500 cm–1 (ref. 41). It is also noteworthy that its 

detection has been generally ambiguous because the strong D and G bands at 1350 

and 1587 cm–1 of the carbon additives in the electrode screen the signals from short 

oxygen dimers48. In this respect, we measured the electrode without carbon effects 

and performed Raman analysis. To remove the interference of the carbon signal in 

the Raman spectrum, an additional cell test of NLMO with 90:05:05 wt% slurry was 

conducted with reduction of the absolute carbon content in the electrode. In addition, 

we concomitantly regulated the neutral density (ND) filter that reflects the 

percentage of incident light, as shown in Figs. 2.29a–c. When the Raman spectrum 

of the NLMO electrode was obtained using the 10% ND filter, the carbon D and G 

bands screened the main regions where vibrations of short oxygen dimers are usually 

observed (Fig. 2.29a). Therefore, we conceived a way to eliminate the unnecessary 

carbon additive on the electrode surface by increasing the intensity of the ND filter 

to 25%. Fig. 2.29b presents the image and Raman results obtained when the electrode 

was exposed to the 25% ND filter. The results show that the electrode was slightly 

damaged and that the spectrum was accordingly interrupted. At this time, a brownish 

color was observed in the image, which surprisingly originated from the active 
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material, thereby confirming that the weakly bound carbon additive was effectively 

removed from the electrode. After that, we changed the filter to a 10% ND filter and 

again measured the Raman spectrum for the same region (Fig. 2.29c). The final 

Raman spectrum differed from that initially measured using the same ND filter 

because of the absence of carbon interruption. As a result, we were able to conduct 

further investigations to detect short O–O related vibrations, as explained in the main 

text. 
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Fig. 2.29 | Images and Raman spectra of charged NLMO electrodes. The electrodes 

were exposed to a a, 10%, b, 25%, and c, 10% ND filter, with the measurement 

performed in the order of a to c. All the data were measured using acquisition times 

of 15 s with 10 accumulations.
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2.3.11 Theoretical investigation of O-O dimer formation during in-

plane TM migration 

To determine whether short oxygen dimers were produced during the in-plane anti-

site defect formation, theoretical calculations were performed (Figs. 2.30–2.32). 

Because it was experimentally observed that the in-plane cation disordering in 

NLMO occurs only when sufficient VLi defects are formed, the calculations were 

based on the structure in which all Li ions in the TM layer were extracted. Figs. 2.30 

and 2.31 show the one-step in-plane migration of a Mn ion, whereas Fig. 2.32 shows 

the two-step consecutive movement. When the Mn ion moves upward, as shown in 

Fig. 2.30a, vacancy clusters are not produced, which is essential to generate dangling 

oxygen ions (O–TM1) near the VTM defects (Fig. 2.30b). Therefore, the oxidized 

oxygen ions are stabilized through the TM–O coupling rather than O–O pairing, 

supporting the theoretical observation that the shortest length of the oxygen dimer is 

2.51 Å. However, when the Mn ion migrates diagonally, a di-vacancy cluster is 

created, thereby leaving two dangling oxygen ions (Figs. 2.31a and b). To 

compensate for the loss of π-stabilization effects, these dangling oxygen ions get 

closer to each other up to 1.36 Å for σ stabilization of the O–O pairing. The 

subsequent reshuffling of the electronic structure of oxygen was also confirmed, as 

shown in Fig. 2.31c. Furthermore, a tri-vacancy cluster can also be developed when 

the two nearest Mn ions move in the same direction (see Figs. 2.32a and b). Similarly, 

the dangling oxygen in this case is shortened to 1.33 Å, leading to rearrangement of 

the band structure of oxygen (Fig. 2.32c). Overall, in-plane disordering toward 
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vacancy aggregations eventually leads to σ–type O–O dimerization to stabilize the 

energy of the material after anionic oxidation, and the magnetic moment of the 

NLMO is also expected to eventually increase by O–O dimers occurring in the 

extended cycles (Chapter 2.3.12). Instead, such a transition in a NLMO electrode is 

expected to be a sluggish reaction compared with that in NLTMO, where fast out-

of-plane disordering is observed, because the in-plane cation migration is entirely 

dependent on the Li content in the electrode and the direction of movements over the 

extended cycling. 
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Fig. 2.30 | a–b, Computational prediction of O–O dimerization stabilized by in-plane 

cation disorder. Based on the ICP results of the NLMO electrode, the composition 

was assumed to be a fully desodiated and delithiated structure (i.e., Na0(Li0Mn0.8)O2). 

The schemes show the one-step in-plane structural disordering along the top views. 

The arrow in the scheme indicates the cation-migration pathway and the yellow 

TMO6 octahedron represents the in-plane migration TM. Because a vacancy cluster 

could not be produced in this case, the formation of short oxygen dimers to stabilize 

the oxygen network was not identified. The observed shortest O–O length was 2.51 

Å, implying that the oxidized oxygen ions were stabilized through TM–O coupling 

rather than O–O pairing.
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Fig. 2.31 | a–b, Computational prediction of O–O dimerization stabilized by in-plane 

cation disorder. Based on the ICP results of the NLMO electrode, the composition 

was assumed to be a fully desodiated and delithiated structure (i.e., Na0(Li0Mn0.8)O2). 

The schemes illustrate the one-step in-plane structural disordering along the top 

views. The arrow in the schemes indicates the cation-migration pathway and the 

yellow TMO6 octahedron represents the in-plane migration TM. In this case, a di-

vacancy cluster was created, thereby generating short oxygen dimers (1.36 Å) to 

compensate for the loss of π-stabilization effects. The bond lengths of O–O and 

adjacent TM–O are specified in the magnified view. c, pDOS of individual oxygen 

atoms involved in O–O dimerization before and after cation-migration process in the 

Na0(Li0Mn0.8)O2 structure. The dotted line in the graphs indicates the Fermi level. 

The σ stabilization of the O–O pairing with cation migration leads to reshuffling of 

the electronic structure of oxygen.
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Fig. 2.32 | a–b, Computational prediction of O–O dimerization stabilized by in-plane 

cation disorder. Based on the ICP results of the NLMO electrode, the composition 

was assumed to be a fully desodiated and delithiated structure (i.e., Na0(Li0Mn0.8)O2). 

The schemes illustrate the two-step consecutive in-plane structural disordering along 

the top views. The arrow in the schemes indicates the cation-migration pathway, and 

the yellow TMO6 octahedron represents the in-plane migration TM. In this case, a 

tri-vacancy cluster was formed, thereby producing short oxygen dimers (1.33 Å) to 

compensate for the loss of π-stabilization effects. The bond lengths of O–O and 

adjacent TM–O are specified in the magnified view. c, pDOS of individual oxygen 

atoms involved in O–O dimerization before and after cation-migration process in the 

Na0(Li0Mn0.8)O2 structure. The dotted lines in the graphs indicate the Fermi level. 

The σ stabilization of the O–O pairing with cation migration leads to rearrangement 

of the band structure of oxygen.
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2.3.12 Theoretical investigation of redox stabilization mechanism 

Fig. 2.33 represents the results of the spin-polarized oxygen pDOS and crystal 

orbital overlap population (COOP) for π-stabilized (Fig. 2.33a) and σ-stabilized (Fig. 

2.33b) NLMO electrode, respectively. Fig. 2.33a indicates that after oxygen 

oxidation, holes of the π-stabilized NLMO electrode are created in the (Mn–O)* state 

in the energy range of 0 to 1 eV, whose π character is further supported by the charge 

density plot at the bottom of the graph. Also, noteworthy is that all spin states are 

symmetric except for two regions where the two up-spin states above and below the 

Fermi level reside with an energy difference of approximately 7 eV, as highlighted 

in the top graph of Fig. 2.33a. According to the COOP result of the bottom graph of 

Fig. 2.33a, the two up-spin states above and below the Fermi level exist in the (Mn–

O)* and (Mn–O) states, respectively. The energy difference between the two states 

(~ 7 eV) is also in good agreement with the recently reported π/π* splitting of the 

Mn–O bond in Li1.2Ni0.13Co0.13Mn0.54O2
37. This comprehensively implies that holes 

are generated in the antibonding (Mn–O)* state and electrons are π back-donated 

from Mn to (Mn–O) state, delocalizing/stabilizing oxygen holes. The results are 

clearly in line with the schematic diagram of the electronic structure of the π-

stabilized NLMO electrode in Fig. 2.10a. As such, the total magnetization of the 

electrode is expected to decrease as the holes in the oxygen 2p state are delocalized 

whenever oxygen holes are generated, as confirmed by SQUID measurements in Fig. 

2.13. 

In contrast, the pDOS in the σ-stabilized NLMO electrode indicates that the oxygen 
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states are divided into discrete states after oxygen dimerization (Fig. 2.33b). O–O 

COOP demonstrates that these discrete states can be divided into antibonding oxygen 

state of (O–O)* in the relatively high-energy region and bonding oxygen state of (O–

O) in the low-energy region, which is also in line with the schematic representation 

of the electronic structure in Fig. 2.10a. The charge density plots at the bottom clearly 

show σ- and σ*-type O–O hybridization, further supporting our assumption of the 

electronic reshuffling involved with σ-type stabilization. It is noted that for the 

charged NLMO with σ-hybridization, the antibonding state in the electronic structure 

of the σ-hybridized dimer spans just above and below the Fermi level (top graph of 

Fig. 2.33b), indicating that the antibonding state of (O–O)* is partially depopulated 

after oxygen oxidation and concomitant oxygen hybridization. The results are 

consistent with the schematic illustration of the molecular orbital diagram for σ-

stabilized electrode in Fig. 2.10a. It is commonly observed that up-spin and down-

spin states exist symmetrically in the energy regions far from the Fermi level in either 

the positive or negative direction. However, for states near the Fermi level, up-spin 

states are just above the Fermi level (red dashed boxes), and down-spin states are 

just below the Fermi level (green dashed boxes). These asymmetric configurations 

indicate that there are unpaired electrons in the down-spin states of anti-bonding O–

O state. Therefore, the spin-polarized calculation results suggest that the absolute 

spin moment would increase with O–O hybridization due to the emergence of 

unpaired antibonding states, which is in accordance with the results of our 

experimental magnetic measurements (Fig. 2.13). For further confirmation, spin-
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polarized oxygen pDOS was calculated for various short oxygen dimers with 

different dimer lengths in the charged NLMO structures in Fig. 2.34 and is provided 

in Figs. 2.31 and 2.32, which also shows consistent results. The spin moment 

analyses in Table 2.8 verify that the absolute spin moment of the electrode increases 

significantly with O–O σ-type stabilization. 
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Fig. 2.33 | Spin-polarized oxygen pDOS, DOS, and crystal orbital overlap population 

(COOP) of the a, π-stabilized NLMO electrode and b, σ-stabilized NLMO electrode. 

The dotted line in the graphs indicates the Fermi level.
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Fig. 2.34 | Spin-polarized oxygen pDOS of oxygen dimers in the charged NLMO 

structure whose lengths are 1.36 Å (Fig. 2.31), 1.37 Å (Fig. 2.31), and 1.33 Å (Fig. 

2.32), respectively. The dotted line in the graphs indicates the Fermi level.



90 

Table 2.8 | Theoretical spin moment changes involved with O–O σ-stabilization. 
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2.3.13 Theoretical modeling of NLMO and NLTMO 

The P3-Na0.6(Li0.2Mn0.8)O2 compound was described using a Na36(Li12Mn48)O120 

supercell consisting of three (lithium + TM) layers and sodium layers. In each 

(lithium + TM) layer, 4 Li and 12 Mn ions were placed to form ribbon-type in-plane 

ordering28. The sodium/vacancy configurations were determined by relaxing 50 

configurations, which were selected based on the enumeration method proposed by 

Hart et al49. The P3-Na0.6(Li0.2Ti0.2Mn0.6)O2 compound was modeled by substituting 

some of the Mn ions in P3-Na0.6(Li0.2Mn0.8)O2 with Ti ions using the same 

enumeration method, and the obtained Li/Ti/Mn in-plane ordering was used to 

describe the fully charged compounds. In all the supercells employed for the cation-

migration calculations, the distances between the migrated TM ions were greater 

than 1 nm, which minimized the defect-defect interactions.
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2.4 Concluding remarks 

In summary, we demonstrated the strong interrelationship between the lattice 

oxygen redox and local structural change during the dynamic intercalation process 

in TM-oxide-based electrodes by comparing two analogous materials with 

substantially different oxygen-redox activity and stability. The contrasting 

electrochemistry of lattice oxygen in the NLMO and NLTMO electrodes was 

observed to exclusively originate from distinct TM migration paths (that is, in-plane 

and out-of-plane cation migration, respectively), as confirmed by various advanced 

structural characterizations. Such cation migration eventually leads to the formation 

of short O–O dimers (<1.34 Å), thereby stabilizing the oxygen network through 

rearrangement of the electronic structures. Two types of stabilization mechanism for 

the oxidized oxygen and their relevance to the electrochemical behaviors were 

explained through theoretical investigations of the electronic and magnetic structures. 

Furthermore, the O–O dimers were directly observed using ABF–STEM, and their 

estimated bond lengths with TM–(O–O) configurations were concomitantly 

identified using Raman spectroscopy. This work provides a clearer view of oxygen-

redox chemistry in relation to the local structure/transition, and hints at robust design 

guidelines for resolving the issues of voltage hysteresis and sluggish kinetics in 

oxygen-redox materials. In addition, in a broader context, our comprehensive 

understanding of the interplay between the structural stability/reversibility and the 

thermodynamics/kinetics of the oxygen chemistry can be applied to other non-

battery fields where the degree of cation disorder is critical to properties of lattice 
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oxygen, such as in electrocatalytic50,51 or magnetic52,53 materials. 
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Chapter 3. Voltage decay and redox asymmetry 

mitigation by reversible cation migration in lithium-

rich layered oxide electrodes 

The content of this chapter has been published in Nature Materials. [Eum, D. et al. 

Nature Materials 19, 419–427 (2020).]-Reproduced by permission of Nature 

Publishing Group. 

3.1 Introduction 

With the advent of electrified transportation, there is a pressing demand for 

improvements in rechargeable lithium-ion batteries1. In particular, the energy-

density ceiling placed on the cathode materials has been a primary factor precluding 

the full-scale deployment of green energy technologies2. Among the cathode 

materials foreseen to transcend such limitations, lithium-rich layered oxides hold the 

greatest promise because of their high reversible capacity (exceeding 250 mA h g−1) 

and high-voltage anionic redox chemistry3,4. Nonetheless, the voltage decay, or 

gradual decrease in the average discharge voltage during cycling, and the resulting 

inevitable energy decay remain some of the most pernicious problems jeopardizing 

their real-world application, while some technical hurdles such as lower 

crystallographic/tap densities than current lithium-stoichiometric layered oxides 

(lithium nickel-cobalt-aluminum oxides and lithium nickel-manganese-cobalt 

oxides) still need to be addressed4–6. Moreover, the voltage decay is pronounced in 
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3d metal-based layered lithium-rich oxides of practical interest, such as 

Li[LixNiyMn(1−x−y)]O2 (denoted as LLNMO) and Li[LixNiyMnzCo1−x−y−z]O2 (denoted 

as LLNMCO)4,7,8. With this backdrop, formidable research efforts have been focused 

on unravelling the origin of the voltage decay and suppressing it based on established 

understandings. 

A clear consensus has been reached that the voltage decay is primarily rooted in the 

progressive structural transformation of lithium-rich layered oxides6,7,9–11. Cation 

migration from the transition-metal (TM) layer to the Li layer to form TMLi–VTM 

antisite cation–vacancy defect pairs during the charging of lithium-rich layered 3d 

metal oxides has been identified experimentally and confirmed using various 

analytical tools9,11,12. The limited reversibility of intra-cycle TM migration results in 

the cumulative formation of a spinel-like disordered phase12–14, and this growth of 

the low-voltage spinel-like phase has commonly been associated with voltage 

decay14–16. More specifically, a comprehensive investigation of the Li2Ru1−xMxO3 (M 

= Mn, Ti, Sn) system6 and LLNMCOs (refs. 11,17) demonstrated that upon extended 

cycling, more TM ions were trapped in the Li layer with exacerbated voltage fade. 

Of paramount importance in understanding the fundamentals of the voltage decay is 

that its essential determinant is not the TM migration itself but the resulting 

confinement of TM ions in the Li layer. At the low Li stoichiometries of most 

lithium-rich layered oxides, TM migration to the Li layer is thermodynamically 

favorable and is thus an unavoidable phenomenon during the charge process18–20. 

Therefore, although various effective approaches, including surface coating12, cation 
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doping21, additives to the electrolyte22 and composition tuning7,23, have been used to 

mitigate the TM migration, its ultimate prevention during long-term cycling has not 

yet been achieved. 

Considering both the underlying origin of the voltage decay and the inevitability of 

TM migration, a substantive key lies in improving the intra-cycle reversibility of TM 

migration. In lithium layered oxides, the reversible return of TM ions is thought to 

be limited by the intra-layer movements of TM ions within the Li layer, which is 

generally initiated by the TM migration from the initial tetrahedral site to 

neighboring octahedral sites in the Li layer. For example, in conventional O3-type 

layered oxides, TM ions, once migrated to the intermediary tetrahedral site of the Li 

layer, can readily and permanently move to adjacent octahedral Li sites because of 

the thermodynamic preference for octahedral sites, as indicated by the yellow arrow 

in Fig. 3.1a (ref. 24). Therefore, the quest for reversible TM migration necessitates 

the implementation of thermodynamic or kinetic roadblocks that prevent intra-layer 

movements of TM ions. In terms of thermodynamic approaches, recent reports on 

sodium layered oxides have suggested that the use of distinct oxygen lattices with 

the P3 (refs. 25,26) or P2 (ref. 27) structure can prevent the TM occupation of guest-

ion sites, which benefits from the size mismatch between the TM ion and the large 

prismatic site. In a similar vein, a qualitative hypothesis has been proposed in studies 

on lithium layered oxides that by employing an O2-type layered structure with 

ABCBA oxygen stacking28 (see Fig. 3.1b), some Li sites can be thermodynamically 

destabilized against TM migration29,30. The local environments of Li sites in the O2 
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and O3 structures substantially differ: LiO6 octahedra share faces with TMO6 

octahedra in the former, whereas they share only edges with TMO6 octahedra in the 

latter. Thus, in the O2 structure, TM migration from the intermediate sites to adjacent 

Li sites is expected to be unfavorable because of the large electrostatic repulsion 

between face-shared cations. This blockade of face-shared sites can facilitate the 

return of TM ions during the discharge process by streamlining the return path, as 

illustrated in Fig. 3.1b. However, despite these implications, no direct approach has 

been reported to observe or achieve reversible TM migration by utilizing an 

alternative oxygen lattice for lithium-rich layered oxides. 

In this work, we demonstrate that reversible intra-cycle TM migration can be 

achieved by modifying the oxygen lattice of lithium-rich layered oxides. To achieve 

this aim, we apply the O2 structure to cobalt-free LLNMOs with the archetypal TM 

composition to obtain the O2-phase Lix(Li0.2Ni0.2Mn0.6)O2 (x ≈ 0.83), whose 

preliminary electrochemical activity was very recently reported31. We demonstrate 

that O2-LLNMOs inherently allow reversible intra-cycle TM migration, thus 

delivering outstanding voltage retention over extended cycling and far 

outperforming their O3-phase counterparts and other lithium-rich layered 3d metal 

oxides. Structural characterization using scanning transmission electron microscopy 

(STEM), X-ray diffraction (XRD), Raman spectroscopy and high-resolution 

transmission electron microscopy (HR-TEM) analyses reveals that the suppressed 

voltage decay arises from the retention of the pristine layered structure with highly 

reversible TM migration over extended cycling. In addition, with the aid of first-
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principles calculations, it is shown that high energy penalties associated with the TM 

occupation of Li sites of O2-LLNMOs prevent the movement of TM ions in the Li 

layer, facilitating the return of TM ions to the original sites. We further confirm that 

the improved reversibility of TM migration also helps mitigate the asymmetry of the 

anionic redox, which has been suspected to stem from the presence of TM ions in 

the Li layer during discharging and which afflicts the cells by inducing voltage 

hysteresis10,32,33. Our findings indicate that tailoring the migration path of TM ions 

provides a viable strategy to address the issues of voltage decay and hysteresis, 

which may help rejuvenate the research field of lithium-rich layered oxides. 
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Fig. 3.1 | Comparison of crystal structures and cation migration paths. a,b, 

Schematic illustrations of crystal structures of O3-type (a) and O2-type (b) lithium 

layered oxides. The figures below show the TM migration paths on a magnified scale. 

Red and yellow arrows indicate the interlayer and the intra-layer TM migrations, 

respectively. And black arrows represent the electrostatic repulsion between a TM 

ion in Li sites and TM ions in the TM layer. Although TM ions in the O3 structure 

can readily occupy Li sites that share only edges with neighboring cations, the TM 

ions in the O2 structure are subject to strong repulsion when they occupy Li sites 

face-sharing with neighboring cations. 
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3.2 Experimental and computational details 

3.2.1 Synthesis 

To synthesize P2-Na5/6(Li0.2Ni0.2Mn0.6)O2, stoichiometric amounts of 

LiCH3COO∙2H2O (99%, Sigma-Aldrich), NaCH3COO∙3H2O (99%, Sigma-Aldrich), 

Ni(CH3COO)2∙4H2O (98%, 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. To mediate the volatility of 

lithium and sodium at high temperature, 5% excesses of the lithium and sodium 

sources were compensated by Li2CO3 (99.99%, Sigma-Aldrich) and Na2CO3 (99%, 

Sigma-Aldrich), respectively. The mixture was heated with continuous stirring at 

70 °C for 2 h and then at 90 °C overnight without stirring. Finally, the P2 phase was 

obtained by an additional heat treatment at 500 °C for 5 h and 900 °C for 10 h with 

intermediate grinding. In the following ion-exchange step, the resultant P2-phase 

powders were added to a 10-times excess amount of 5 M LiBr (99%, Sigma-Aldrich) 

solution in hexanol and then heated at 120 °C for 24 h to obtain the O2-phase material. 

After ion exchange, the product was rinsed with ethanol and distilled water several 

times. The entire ion-exchange process was repeated once more to complete the 

substitution of sodium with lithium. 

3.2.2 Electrochemistry 

The electrodes 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 
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aluminum foil. The resultant mixture was dried in a 70 °C vacuum oven overnight 

to allow the NMP to evaporate. 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). 

3.2.3 XRD 

As-prepared samples were characterized using XRD (D8 ADVANCE, Bruker) with 

Cu-Kα radiation (λ = 1.54178 Å) at a scanning speed of 0.167° min−1 in the 2θ range 

of 10–70°. High-resolution powder diffraction was performed at beamline 9B at the 

Pohang Light Source (PLS) in the Pohang Accelerator Laboratory (PAL), Republic 

of Korea. The data were collected over the 2θ range of 10–133° with a step size of 

0.01°, step time of 4 s and wavelength of λ = 1.5226 Å. Rietveld refinement of the 

XRD patterns was performed using the FullProf program. 

3.2.4 Raman spectroscopy 

Raman spectra of the pristine and 40-cycled electrodes were recorded using a 

Raman spectrometer (LabRAM HV Evolution, HORIBA) with an Ar laser as the 

excitation light source (λ = 532 nm). The scattered light of the Raman signal was 

collected in a backscattering geometry using a ×50 microscope objective lens. The 

data were measured using an acquisition time of 20 s and ten accumulations. The 

spectra were deconvoluted using the XPSPeak program. 
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3.2.5 XANES 

XANES spectra of the harvested electrodes were obtained at beamline 7D at the 

PLS using a double-crystal monochromator containing two sets of Si(111) crystals. 

All the measurements were performed at room temperature, and the Ni and Mn K-

edge spectra were collected in transmission mode. To accurately calibrate the energy 

scale and any drift of the monochromator position, metal foils were placed in a third 

chamber as a reference. All the spectra were normalized and compared using the 

Athena program. 

3.2.6 STXM 

STXM analysis was performed at beamline 10A at the PLS to obtain the O K-edge 

and Ni and Mn L3-edge spectra. Primary particles were drop-cast onto carbon-coated 

Cu TEM grids for the measurements. By keeping the focal position at the same 

particle, the two-dimensional transmitted photon intensity was recorded in pixel 

form at a fixed energy. To obtain image stacks, the same measurements were repeated 

over different X-ray energy ranges. The image stacks were acquired in 0.2 eV steps 

with a 2 ms dwell time and were aligned using the aXis 2000 software package. 

3.2.7 SEM 

Field-emission scanning electron microscopy (FE-SEM; SU-70, Hitachi) analysis 

was used to examine the surface morphological changes during the ion-exchange 

process. To compensate for the low conductivity of both materials, the active 

materials were coated with Pt nanoparticles three times. 

3.2.8 HR-TEM 
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The electrodes harvested in the pristine state and after 40 cycles were sonicated into 

particles in ethanol and transferred onto carbon-coated Cu grids to obtain HR-TEM 

images and SAED patterns using field-emission transmission electron microscopy 

(FE-TEM; JEOL, JEM-2100F). 

3.2.9 Cs-STEM 

Cross-sectional TEM specimens of the as-prepared and cycled electrode slurry 

films were prepared using focused ion beam milling (FEI, Helios 650). The prepared 

specimens were used for HAADF imaging under 80 keV using Cs-STEM (JEOL, 

JEM-ARM200F) with a point-to-point resolution of 0.08 nm. 

3.2.10 First-principles calculations 

The first-principles calculations in this work were conducted based on spin-

polarized density functional theory (DFT) calculations, as implemented in the 

Vienna ab initio simulation package (VASP)34. All the DFT energies were estimated 

within the GGA+U parameterization using the Perdew–Burke–Ernzerhof (PBE) 

functional35. Effective Hubbard-U parameters of 3.9 and 6.0 were applied to the 3d 

electrons of Mn and Ni atoms, respectively, in accordance with the values reported 

in previous works36,37. A plane-wave basis set was utilized with an energy cutoff of 

520 eV and a 3 × 3 × 2 gamma-point-centered k-point mesh. Unless otherwise stated, 

the lattice parameters and atomic positions were fully relaxed until the interatomic 

forces were smaller than 0.02 eV Å−1. Detailed information regarding the model 

construction and TM migration analysis is provided in Chapter 3.3.6. 
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3.2.11 mRIXS 

The mRIXS experiments were performed in the iRIXS endstation at BL8.0.1 of the 

Advanced Light Source at Lawrence Berkeley National Laboratory38. The emission 

energy resolution was about 0.25 eV through a VLS spectrograph. The excitation 

energy resolution was about 0.3 eV. Data were collected with 0.2 eV steps upon 

excitation energies across the whole O K absorption edge. 
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3.3 Result and discussion 

3.3.1 Electrochemistry of O2-LLNMOs 

O2-LLNMOs were synthesized by applying an ion-exchange method to as-

synthesized P2-phase sodium layered oxides. Details on the crystal structure and 

chemical compositions, Lix(Li0.2Ni0.2Mn0.6)O2 (x ≈ 0.83), are provided in Chapter 

3.3.4. Figure 3.2a presents the first and second charge–discharge curves of O2-

LLNMOs cycled in the voltage range of 2.0–4.8 V at 5 mA g−1. A capacity of 235 

mA g−1 was delivered for the first charge process of the O2-LLNMOs. Unlike the 

first cycle of the O3-Li(Li0.2Ni0.2Mn0.6)O2, which was synthesized for a more precise 

comparison, the O2-LLNMOs delivered a markedly reduced irreversible capacity of 

13.5 mA h g−1, in comparison with the first irreversible capacity of 74.3 mA h g−1 for 

the O3-type counterparts (Fig. 3.3), implying highly reversible first-cycle redox 

behavior. Scanning transmission X-ray microscopy (STXM) analysis, which enables 

bulk-sensitive characterization of the redox centers39,40, identified that the oxidation 

states of Ni and Mn in pristine O2-Lix(Li0.2Ni0.2Mn0.6)O2 were close to +2 and +4, 

respectively (Fig. 3.4)41,42. Upon initial charging, cationic Ni2+/Ni4+ redox occurs in 

the low-voltage region, whereas the oxidation of the oxygen non-bonding states 

accounts for the charge compensation of the high-voltage plateau region. Further in-

depth characterization of the redox mechanism and meticulous comparison of the O2 

and O3 phases will be provided later. 

For the initial two cycles (Fig. 3.2a), the voltage profile of the second discharge 
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was almost identical to that of the first discharge except for a small decrease in the 

capacity. To further clarify the long-term voltage retention of the O2-LLNMOs, 

cycling for an additional 40 cycles was performed. Figure 3.2b presents the discharge 

profile of the O2-LLNMOs for the first and every 10 cycles until 40 cycles. 

Negligible voltage decay was observed in the discharge of the O2-LLNMOs during 

the 40 cycles. The average discharge voltages were well preserved and close to 3.5 

V (see inset in Fig. 3.2b): 3.53, 3.53 and 3.48 V for the first, twentieth and fortieth 

discharge process, respectively. This outstanding voltage retention and the high 

redox voltage of O2-LLNMOs are in stark contrast with those of the O3 phase, which 

revealed severe voltage fades in the same electrochemical cycling (Fig. 3.5), in 

accordance with many previous reports7,12,14,43. Comparison of the dQ/dV profiles 

shows clear suppression of the voltage decay in the O2-LLNMOs compared with 

that in the O3-LLNMOs (Fig. 3.2c). In the low-voltage region, a drastic downshift 

of voltage was observed for the O3-LLNMOs upon cycling, and the major 

electrochemical activity was observed near 3.0 V (vs Li/Li+) even after 10 cycles. 

By contrast, this change was absent and the redox peaks remained constant in the 

O2-LLNMOs, with the primary redox activity maintained between 3.5 and 4.0 V (vs 

Li/Li+). The capacity stability of the O2-LLNMOs in Fig. 3.2d was comparable to 

that of the O3-LLNMOs, indicating that the retention of the practical energy density 

of the O2-LLNMOs (~82.5%, 599.6 W h kg−1 after 40 cycles) was superior to that 

of the O3-LLNMOs (~71.8%, 550 W h kg−1 after 40 cycles) because of the 

suppressed voltage decay. 
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Fig. 3.2 | Suppression of voltage decay in O2-LLNMOs. a, First and second 

charge–discharge curves of O2-LLNMOs cycled in the voltage range of 2.0–4.8 V 

at a current density of 5 mA g−1. b, Normalized discharge curves of O2-LLNMOs 

for 40 cycles. The data were collected every 10 cycles. The inset shows the change 

in the average voltage over 40 cycles. c, Comparison of voltage decay in dQ/dV 

curves of O2- and O3-LLNMOs. The arrow in the profile of O3-LLNMOs highlights 

the drastic shift towards low voltage with cycling. d, Comparison of discharge 

capacity and energy density retention in O2- and O3-LLNMOs. 



115 

 

Fig. 3.3 | First cycle electrochemical profile of O3-LLNMOs measured at a current 

density of 5 mA g−1 between 4.8 and 2.0 V.
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Fig. 3.4 | STXM spectra of the O K-edge and Ni, Mn L3-edges for different five 

points in the electrochemical curve of O2-LLNMOs. The signal profiles at the 

bottom of each plot indicate the differences between absorbance of 4.8 V charged 

and pristine samples. The shaded regions represent evolution of 531.0 and 856 eV 

peaks in O K-edge and Ni L3-edge, respectively.
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Fig. 3.5 | Normalized discharge capacity curves of O3-LLNMOs for 40 cycles. The 

data are collected for every 10 cycles. The inset shows the average voltage during 40 

cycles.
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3.3.2 Reversible cation migration in O2-LLNMOs 

To understand the origin of the remarkable voltage retention of the O2-LLNMOs 

from the perspective of structural transitions, we carefully probed the configuration 

of the TM ions using spherical-aberration-corrected STEM (Cs-STEM). Figure 

3.6a,b presents high-angle annular dark-field (HAADF) images of samples in 

charged and discharged states, respectively. HAADF images were obtained using Z-

contrast imaging, and thus, the predominant signals in the images belong to heavy 

TMs27,44. In the HAADF-STEM image of the pristine O2-LLNMOs (Fig. 3.7), 

alternating TM layers and Li layers are clearly visible with no signal of TM ions 

detected in the Li layer, confirming the absence of TMLi–VTM anti-site defects in the 

pristine state. In addition, the dumbbell-like spots in the TM layers indicate the 

Li+Mn6
4+ or (Lix

+Ni1−x
2+)Mn6

4+ honeycomb ordering in the pristine O2-LLNMOs, 

which is a typical signature of lithium-rich layered materials (Chapter 3.3.5)7. By 

contrast, the HAADF image for the charged samples (~4.8 V vs Li/Li+) provided in 

Fig. 3.6a reveals the noticeable presence of TM ions in the Li layer. The signal profile 

along the vertical direction in the box in Fig. 3.6a shows the evolution of new peaks 

at the center of two adjacent TM layers, as denoted by the arrows. These peaks 

suggest that a substantial amount of TM ions occupy vacant Li sites during the charge 

process. Selected area electron diffraction (SAED) patterns along the [11̅0] axis also 

confirm the same TM behavior over a much broader region (×150 magnified), with 

new diffraction spots as highlighted in the yellow boxes in Fig. 3.6c. To assign these 

spots, we simulated SAED patterns assuming the disordered O2 structure in which 
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25% of TM ions occupy octahedral sites or tetrahedral sites in the Li layer (Fig. 3.8). 

The consistency between the experimental and simulated patterns indicates that 

massive TM migration occurred during the charge process, which is consistent with 

the TM migration behavior observed for the charge process of O3-LLNMOs (refs. 

11,33). Surprisingly, in the STEM image of the fully discharged O2-LLNMOs, no 

signal of TM ions in the Li layer was detected (Fig. 3.6b). In contrast to the charged 

state, the peaks between the TM layers completely disappeared in the HAADF signal 

profile, indicating the complete return of TM ions to the TM layer upon discharge. 

The SAED pattern of the discharged samples no longer contained characteristic spots 

of TMLi defects (the yellow boxes in Fig. 3.6c) as observed in Fig. 3.6d. The STEM 

analyses unequivocally confirm that interlayer TM migration is highly reversible 

during the successive charge and discharge of O2-LLNMOs. This phenomenon has 

not been observed in other lithium-rich layered oxides that contain a considerable 

amount of 3d TMs such as Mn and Ni (refs. 11,33). 

We performed first-principles calculations to elucidate the energetics of the TM 

migrations that enable this reversible behavior in O2-LLNMOs. Figure 3.6e presents 

schematic illustrations of the interlayer migration paths of TM ions in the O2 and O3 

structures (see Chapter 3.3.6 for details). In the case of the O3 structure, TM ions 

can migrate to the nearest neighboring tetrahedral site in the Li layer and 

subsequently to the octahedral Li site during the charge process. However, in the O2 

structure, TM ions can either migrate to the neighboring tetrahedral intermediate site 

(path A) or octahedral intermediate site (path B), followed by subsequent migration 
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to the final octahedral (path A) and tetrahedral (path B) sites, respectively. For these 

potential migration paths for O3 and O2 structures, we comparatively calculated the 

relative site energies of the intermediate and final sites considering all the possible 

TM configurations. Figure 3.6f presents the energy landscapes of selected cases in 

which migration to the intermediate site was the most thermodynamically feasible 

(see Tables 3.1–3.3 for the energetics of other cases). When TM ions move in the O3 

structure, the lowest relative site energy of the intermediate site is estimated to be 

−0.19 eV, and that of the adjacent Li octahedral site (‘Edgeocta’) is −0.06 eV. These 

values indicate that once a TM ion moves to the intermediate site, further migration 

to the adjacent octahedral Li site is quite feasible. This intra-layer TM migration 

would inevitably complicate the return of the TM ions to the initial site. TM ions 

may be led astray by further interactions with Li ions or other TM ions in the Li layer, 

making the return of TM ions to the original TM site nearly impossible. However, 

for TM ions in the O2 phase, the relative site energy at the final Li site is substantially 

higher (0.52 and 0.91 eV for path A (‘Faceocta’) and path B (‘Facetetra’), respectively), 

destabilizing the TM occupancy, whereas the TM in intermediate sites may remain 

stable in the de-lithiated states. These results suggest that TM migrations to the Li 

layer occur in the charged states, as observed in Fig. 3.6a, but that further intralayer 

migration in the Li layer is significantly inhibited in the O2 structure. The intra-layer 

migration along paths A and B in the O2 structure requires a thermodynamic penalty 

of approximately 0.91 and 1.19 eV, respectively. And, while these values are 

obtained for the cases in which a moving TM ion shares a face with Mn in the TM 
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layer, the site energies are all positive at other face-sharing sites in the O2 structure, 

regardless of the type of cation that faces the moving TM ion (see Chapter 3.3.6). 

This result is reasonable considering that the final Li sites in the O2 phase share a 

face with cations in the TM layer, as shown in Fig. 3.1b. Because TM ions in O2-

LLNMOs are predicted to remain in the original or intermediate sites during charging, 

they can readily return to the original sites upon re-lithiation, as demonstrated in Fig. 

3.6b. Note that in certain circumstances where the empty Li sites in the TM layer 

provide electrostatically favorable sites for a TM ion, the one-step intra-layer TM 

migration can be occasionally allowed. Nonetheless, such one-step migrations are 

not expected to significantly reduce the overall reversibility due to the rarity of such 

circumstances and the difficulties of subsequent TM migrations (Chapter 3.3.6). 

To further verify the reversible cation migration in O2-LLNMOs over extended 

cycling, powder XRD analysis of the pristine and 10-, 20- and 40-cycled electrodes 

was conducted (Fig. 3.9a and Table 3.4). The XRD pattern of the pristine state 

contains well-defined honeycomb superstructure peaks at 2θ = 20.8°, 24.2°, 29.1° 

and 33.3°, which correspond to the (1/3 1/3 0), (1/3 1/3 1), (1/3 1/3 2) and (1/3 1/3 

3) planes, respectively30. Each superstructure peak is well preserved even after 40 

cycles, which indicates that the honeycomb orderings in the discharged samples were 

not destroyed by any permanent TM migrations, further supporting the reversibility 

of TM migration upon extended cycling. This behavior contrasts with that of the O3 

phase, which typically loses in-plane cation ordering in the TM layers as the amount 

of TM/Li disordering increases with prolonged cycling6,11,33. 
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Raman spectroscopy analysis was also conducted to determine the changes in the 

bonding character during cycling. Figure 3.9b presents Raman spectra of the pristine 

and cycled O2-LLNMOs in the 300–700 cm−1 range whose peaks are attributed to 

the various vibration modes of TM–O bonding in lithium layered oxides13,41. The 

first two peaks at 595 and 473 cm−1 are the signatures of symmetric stretching (A1g) 

and symmetrical deformation (Eg) of TM–O, respectively, in the layered structure, 

whereas the peak at 420 cm−1 arises from the LiMn6 honeycomb ordering, which is 

exclusively observed in lithium-rich layered oxides. Notably, all of these Raman 

peaks were observed for both samples and were preserved even after 40 cycles. This 

finding clearly contrasts with the case for O3-LLNMOs. Previous studies have 

shown that the Raman peak at 595 cm−1 completely shifted to 572 cm−1 only after 

five cycles because of the substantial layered-to-spinel phase transformation of O3-

LLNMOs (refs. 13,41). According to these previous reports, the peak at 627 cm−1 can 

be attributed to the symmetrical stretching of TM–O in the spinel domain, and the 

peak at 572 cm−1 results from the shift of the peak at 595 cm−1 in a new TM 

coordinating environment13. Although we also detected peaks at 627 and 572 cm−1 

after 40 cycles, their intensities were much smaller than those in previous reports on 

O3-LLNMOs (refs. 7,13). In principle, the spinel phase formation in the O2 phase is 

inaccessible via room-temperature electrochemical cycling because the oxygen 

lattices are essentially incompatible, and a phase transition requires major breakage 

of the strong metal–oxygen bonds29,45. Therefore, the evolution of these new peaks 

is likely to originate from the O3-phase impurity present in the sample during the 
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pre-ion-exchange step. 

HR-TEM analysis also supports the long-term structure preservation of O2-

LLNMOs. As observed in Fig. 3.10 and Fig. 3.9c, the characteristic hexagonal 

P63mc spot patterns were consistently observed both for the pristine and 40-cycled 

O2-LLNMOs. There were no signatures of any secondary phases, including a spinel-

like phase or the traces of TM/Li disordering, in the patterns of the 40-cycled 

electrodes. More specifically, compared with the simulated pattern of the disordered 

O2 structure (Fig. 3.11), characteristic spots such as 1̅1̅0, 01̅3̅ and 103̅ 

pertaining to the disordered phase did not appear in the SAED pattern or its signal 

profile (Fig. 3.9c). This result differs from that for O3-LLNMOs, in which the spots 

of the spinel-like and disordered phases evolved only after five cycles7. The 

comparisons of structural evolution in the O2 and O3 phases using complementary 

XRD, Raman and HR-TEM analyses clearly demonstrate that the global and local 

structures of the O2-LLNMOs are well maintained over extended cycling, benefiting 

from the preeminent reversibility of TM migration, unlike conventional LLNMOs, 

which lose structural integrity after a few cycles. 
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Fig. 3.6 | Highly reversible cation migration in O2-LLNMOs. a,b, HAADF-

STEM images along the 11̅0 zone axis for 4.8 V charged (a) and 2.0 V discharged 

(b) O2-LLNMOs. The graphs below are the HAADF signal profiles of the regions 

enclosed by the dotted lines in the STEM images. The arrows in the signal profile of 

the charged sample indicate the evolution of TMLi defects. c,d, SAED patterns of 4.8 

V charged (c) and 2.0 V discharged (d) O2-LLNMOs along the 11̅0 direction. The 

extra spots in the areas enclosed by the yellow dotted boxes in c represent significant 

cation migration into the Li layers. In c, spots marked with red circles correspond to 

(i) 002̅  (ordered structure and cation-disordered structure), (ii) 1̅1̅0  (cation-

disordered structure) and (iii) the overlap of 1̅1̅0  (ordered structure) and 2̅2̅0 

(cation-disordered structure). Other spots are indexed in Fig. 3.8. e, TM migration 

paths from initial to intermediate to final Li sites. f, Relative site energies of 

intermediate and final sites calculated along the migration paths of TM ions. (The 



125 

case where final sites share a face with Mn is presented here. See Chapter 3.3.6 for 

details). 
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Fig. 3.7 | The [1̅1̅0] HAADF-STEM image of pristine O2-LLNMOs with 15M× 

magnification. The 30M× magnified image and corresponding SAED patterns are 

shown in the insets. The streak lines in the diffraction patterns indicate the existence 

of stacking faults (O4- or O6-stackings) in the pristine O2-LLNMOs46,47. The 

HAADF signal profiles measured for Region I (vertical), II (horizontal) in the inset 

are represented at the right.
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Fig. 3.8 | Simulated SAED patterns along the [1̅1̅0] zone axis for a, ordered (Or) 

and b, c, disordered (Dis) O2-LLNMOs. In disordered structures, 25 % of TM ions 

occupy b, octahedral sites and c, tetrahedral sites in the Li layer, respectively. The 

yellow shaded areas in the pattern of disordered phase indicate newly emerged spots 

compared with the pattern of ordered phase.
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Fig. 3.9 | Mitigation of structural evolution in O2-LLNMOs for 40 cycles. a, Ex 

situ XRD patterns of pristine and 10-, 20- and 40-cycled O2-LLNMOs. The 

magnified view clearly shows that the honeycomb superstructure peaks are 

preserved even after 40 cycles (grey shaded). Peaks denoted by asterisks correspond 

to Al foil. b, Comparison of Raman spectra for pristine and 40-cycled samples. The 

newly emerging blue peaks at 627 and 572 cm−1 after 40 cycles correspond to the 

layered-to-spinel transitions. c, SAED pattern of O2-LLNMOs along the [33̅1] zone 

axis after 40 cycles (top; Or, ordered). SAED signal profiles for the yellow and blue 

lines in the SAED pattern (bottom; Dis, disordered). The black arrows indicate the 

expected positions of additional spots of disordered O2-LLNMOs.
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Fig. 3.10 | SAED patterns of pristine O2-LLNMOs along the [33̅1] zone axis (Or: 

ordered).



130 

 

Fig. 3.11 | Simulated SAED patterns along the [33̅1] zone axis for a, ordered (Or) 

and b, c, disordered (Dis) O2-LLNMOs. Same models with Fig. 3.8 are used for the 

simulation. 
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Table 3.1 | Relative Site energies calculated along the migration path of TM ions in 

O3-LLNMOs (O: original site, I: intermediate tetrahedral site, F: final lithium site). 
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Table 3.2 | Relative Site energies calculated along the migration path A in O2-

LLNMOs (see Fig. 3.6e in the main text for the path A, O: original site, I: 

intermediate tetrahedral site, F: final octahedral lithium site). 
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Table 3.3 | Relative Site energies calculated along the migration path B in O2-

LLNMOs (see Fig. 3.6e in the main text for the path B, O: original site, I: 

intermediate octahedral site, F: final tetrahedral lithium site). When the input 

structures contain TM ion in the lithium site, there are cases where TM ion moves 

back to the intermediate site after relaxation. These cases imply the instability of 

lithium sites and are indicated as ‘Back to I’. For two configurations where the 

stacking order is partially changed after unconstrained relaxation, the results of 

constrained relaxations were presented by fixing cell parameters equal to those of 

the reference supercell (marked with an asterisk). 
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Table 3.4 | Lattice parameters of pristine and 10-, 20-, and 40-cycled O2-LLNMOs 

obtained from ex situ XRD results. 
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3.3.3 High-potential O redox behavior preserved in O2-LLNMOs 

Recent studies on lithium-rich layered oxides have demonstrated the intrinsic 

coupling between the anionic redox and cation migration33,39. According to 

mechanistic investigation of LLNMCOs, TM migration to the Li layer decreases the 

redox potential of oxygen by >1 V, thereby leading to asymmetry of the anionic 

redox between charge and discharge33. This asymmetrical behavior of the anionic 

redox has been alleged to play a detrimental role in triggering voltage hysteresis, 

which exacerbates voltage retention along with a voltage decay phenomenon10,32,48,49. 

However, considering the reversibility of TM migration in O2-LLNMOs, a distinct 

anionic chemistry in contrast to the conventional mechanism is expected for O2-

LLNMOs. To corroborate this hypothesis, we closely examined the evolution of 

redox couples during the charge and discharge of O2-LLNMOs. Figure 3.12a shows 

the change in the O K-edge and Ni and Mn L3-edge absorbance spectra determined 

from STXM analysis during the first cycle of O2-LLNMOs. The six points in Fig. 

3.12a correspond to the (1) pristine, (2) 4.5 V charged, (3) 4.8 V charged, (4) 3.8 V 

discharged, (5) 3.4 V discharged and (6) 2.0 V discharged states, and the differences 

in the absorbance between two designated points are shown below. The results 

indicate that the charge process is compensated by the redox of Ni2+/Ni4+ at relatively 

low voltage (3.3–4.5 V) and subsequently by the redox of O2−/On− (n < 2) at high 

voltage (4.5–4.8 V), as previously discussed. When charging from 3.3 to 4.5 V (1 → 

2), a peak appears at 856 eV in the Ni L3-edge spectra with the simultaneous 

emergence of a low-energy peak around 529 eV in the O K-edge spectra, signifying 
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the depopulation of the hybridized Ni3d–O2p antibonding state33,50. From 4.5 to 4.8 V 

(2 → 3), the peak at 531.0 eV evolves in the O K-edge spectra, which indicates 

oxygen redox states at high potentials33. This oxygen redox is further evidenced by 

mapping of resonant inelastic X-ray scattering (mRIXS) analysis (Fig. 3.12b). We 

note that O K-edge mRIXS has recently been demonstrated as a tool-of-choice for 

detecting the lattice oxygen redox states in both Li- and Na-ion battery 

electrodes33,39,51,52. In particular, the emergence of a distinct feature at 531.0 eV 

excitation energy and 523.7 eV emission energy (red circles in Fig. 3.12b) indicates 

the presence of oxidized lattice oxygen in battery electrodes. The results show that 

such an oxidized oxygen feature is absent in mRIXS until state 2, but becomes 

distinct in state 3, demonstrating oxygen oxidation at high potentials (2 → 3). No 

characteristic peaks are observed in the Mn L3-edge STXM spectra throughout the 

entire charging regime, confirming the redox-inactive properties of Mn4+. Ni and Mn 

K-edge X-ray absorption near edge spectroscopy (XANES) analyses (Fig. 3.13) also 

revealed a consistent redox mechanism during the charging process. Overall, the 

charging of O2-LLNMOs accompanies the sequence of redox couples, which is the 

same as that for their O3-type counterparts41,42. This accordance is reasonable 

considering that the tendency of TM migration during charging is similar in both 

compounds.  

In the subsequent discharge process, we found that the anionic (O2−/On− (n < 2)) 

redox occurs quite reversibly in the high-voltage region for O2-LLNMOs. As can be 

seen from the mRIXS images in Fig. 3.12b, during the initial discharge, the oxidized 
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oxygen feature dropped its intensity significantly from state 3 to 4, and completely 

disappeared at state 5. This indicates that the majority of the oxygen reduction takes 

place at high potentials (3 → 4) and is completed by state 5. The oxygen redox 

activity is thus completely absent at low potentials (5 → 6). Consistently, in the 

STXM spectrum for the equivalent discharge region (3 → 5), the O K-edge peak at 

531.0 eV disappears, clearly indicating the reduction of O2p states in the high-voltage 

region. Moreover, the signature of TM3d–O2p reduction was presented with the 

disappearance of the peak at 856 eV at the Ni L3-edge as well as that at 529 eV at 

the O K edge, indicating the simultaneous cationic (Ni4+ to Ni2+) reduction. This 

observation contrasts the typical anionic redox behavior observed in the O3-

LLNMOs, which was recently demonstrated with the major anionic redox activities 

in the low potential region after the cation redox reaction33. And, this asymmetric 

anionic redox reaction for the charge (high-potential charging) and the discharge 

(low-potential discharging) accounted for the voltage hysteresis of the LLNMOs. In 

the O2-LLNMOs, on the other hand, the oxygen redox activity was solely observed 

at the high-voltage region without the signature in the low-voltage region (5 → 6). 

The low-voltage region is mainly compensated by partial manganese reduction 

(Chapter 3.3.7). For O3-type LLNMCOs (Li1.17Ni0.21Co0.08Mn0.54O2), Gent et al. 

demonstrated that the lowered discharge potential of anionic redox originates from 

the significant coordination loss of oxygen in the TM layer, whose originally 

coordinated TM ions move to the Li layer33. Such coordination loss of oxygen 

inevitably shifts the O2p states to the higher level in the electronic structure, and thus 
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decreases the voltage of oxygen redox. However, according to our STEM and 

theoretical observations, TM ions in the Li layer readily return to the TM layer upon 

re-lithiation of charged O2-LLNMOs, which would rapidly restore the coordination 

environment of oxygen. This behavior is dissimilar to that of O3-type compounds, 

wherein a substantial amount of TM ions remains in the Li layer. This finding implies 

that the anomalously symmetrical redox properties of O2-LLNMOs must result from 

the facile return of migrated TM ions upon discharge. Mitigation of the asymmetry 

of the anionic redox may benefit the long-term cyclability as it decreases the voltage 

hysteresis, although there have been few attempts aimed at improving the redox 

symmetry. 

To further support the O redox at high-potential discharge, several electrochemical 

tests were performed. Figure 3.12c presents two model dQ/dV experiments, in which 

the anionic redox is separated from TM–O redox by cycling two cells: (i) below 4.35 

V without triggering of the O redox (black dotted line) and (ii) with O redox triggered 

(colored solid line). Excluding the cation redox activity (yellow region), the 

additional electrochemical activity achieved after the O redox is triggered (blue 

region) is solely exhibited at the high potentials without any additional activities in 

the yellow region. The invariance of the cation redox region even after the O redox 

is triggered is in line with the STXM data, supporting the anionic reduction at high 

redox potentials. In Fig. 3.12d, we also investigated the change in the discharge 

profiles of O2-LLNMOs as a function of the current density, considering that that 

anionic redox exhibits much more sluggish kinetics than cation redox, and thus the 
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variations of the anionic and cationic redox regimes are readily distinguishable32,53. 

Upon increasing the current density, the discharge capacity of the high-voltage 

region (above 3.4 V) steadily and drastically decreases from 136 mA h g−1 at 5 mA 

g−1 to 74 mA h g−1 at 200 mA g−1 (see Fig. 3.12e). However, the capacity of the redox 

region below 3.4 V is well maintained with only minor changes of less than 6 mA h 

g−1 until the current density reaches 100 mA g−1. The observation that the capacity 

fade at high rates mainly arises in the high-voltage region supports the sluggish 

anionic redox occurring in the high-voltage range on discharge. This capacity fade 

contrasts with that of O3-LLNMOs, in which substantial capacity drops are observed 

in both regions (above 3.4 V and below 3.4 V), which is attributed to anionic redox 

activity spread into the low-voltage region (Fig. 3.14).  
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Fig. 3.12 | Anomalous anionic redox behaviour in O2-LLNMOs. a, STXM 

differential absorbance spectra of the O K edge and Ni and Mn L3 edges for the first 

charge and discharge cycle. Each spectrum shows the difference between two 

designated points in the electrochemical curve. b, The O K-edge mRIXS of O2-

LLNMOs for the first cycle obtained at each point of a. Distinct oxygen redox 

features are indicated by red circles. c, The dQ/dV curve of O2-LLNMOs measured 

at a current density of 5 mA g−1. d, Electrochemical curves of O2-LLNMOs for 

current densities ranging from 5 to 200 mA g–1. e, Variation of discharge capacity as 

a function of current density estimated for the two classified voltage ranges, 2.0–3.4 

V and 3.4–4.8 V.
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Fig. 3.13 | Ni and Mn K-edge XANES spectra measured for five points in the 

electrochemical curve of O2-LLNMOs.
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Fig. 3.14 | a, Electrochemical curves of O3-LLNMOs for current densities ranging 

from 5 to 200 mA g−1. b, Variation of discharge capacity of O3-LLNMOs as a 

function of current density estimated for the two classified voltage ranges, 2.0–3.4 

V and 3.4–4.8 V. 
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3.3.4 Synthesis of O2-LLNMOs 

To synthesize the metastable O2 phase, the soft chemical ionexchange method was 

applied30,31. In this process, P2-type sodium layered oxides with the same transition 

metal composition as that of the targeted O2 phase, i.e., Na5/6(Li0.2Ni0.2Mn0.6)O2, 

were synthesized in advance with a small amount of O3 phases (less than 10 wt%) 

using a controlled sol–gel method54,55 (see Fig. 3.15). Na+/Li+ ion exchange was then 

conducted on the as-prepared P2-type Na5/6(Li0.2Ni0.2Mn0.6)O2 with LiBr in hexanol 

solution at low temperature (ref. 56,57) to produce O2-phase LLNMOs. The crystal 

structure of the ion-exchanged LLNMOs was confirmed to correspond to the O2 

phase (space group P63mc) using X-ray powder diffraction (see Fig. 3.16a). The in-

plane honeycomb Li/TM superstructure in the TM layers was identified using the 

high-resolution powder diffraction (HRPD) data presented in Fig. 3.16a (ref. 58,59); 

this result indicates that the in-plane atomic ordering of the as-prepared P2-phase 

compound was well maintained after the ionexchange process. In addition, 

inductively coupled plasma-atomic emission spectroscopy (ICP-AES) analysis 

verified that the composition of the obtained powder was Lix(Li0.2Ni0.2Mn0.6)O2 (x ≈ 

0.83), which is very similar to the archetypal composition of LLNMOs (see Table 

3.5). SEM analysis confirmed the homogeneous size and morphology of the particles, 

and HR-TEM measurements confirmed the well-defined layered structure of the ion-

exchanged particles (Figs. 3.16b–e). These observations collectively demonstrate 

that the ion-exchange process did not lead to deterioration of the crystallinity of the 
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particles and that Lix(Li0.2Ni0.2Mn0.6)O2 with O2-type oxygen stacking was 

successfully synthesized. 
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Fig. 3.15 | HRPD pattern of P2-Na5/6(Li0.2Ni0.2Mn0.6)O2 material refined with 

P63/mmc and R3̅m space groups.
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Fig. 3.16 | a, HRPD data for P2-Na5/6(Li0.2Ni0.2Mn0.6)O2 and O2-

Lix(Li0.2Ni0.2Mn0.6)O2 with reference peaks. The arrows at 20–25° indicate 

superstructure peaks which are attributed to Li/TM honeycomb ordering in the TM 

layers3,58,59. b–d, SEM and HR-TEM images for P2- (b, d) and O2-phases (c, e), 

respectively.
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Table 3.5 | ICP-AES results for P2-Na5/6(Li0.2Ni0.2Mn0.6)O2 and O2-

Lix(Li0.2Ni0.2Mn0.6)O2 materials. 
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3.3.5 Honeycomb ordering in O2-LLNMOs 

The dumbbell-like spots in Region II in Fig. 3.7 indicate the perfect Li+Mn6
4+ or 

(Lix
+Ni1−x

2+)Mn6
4+ honeycomb ordering in the pristine O2-LLNMOs, which is a 

typical signature of lithium-rich layered materials58,59. The inter-layer spacing of 

0.4918 nm along the c-axis and TM–TM dumbbell interval of 0.1245 nm are close 

to the values obtained in our first-principles calculations (0.4921 and 0.1455 nm, 

respectively). We note that a portion of the pristine structure contains domains of 

stacking faults similar to those observed for many other compounds that have 

undergone the ion-exchange process45,60. Nevertheless, the predominant structure of 

the pristine O2-LLNMOs consists of O2 stacking, which can be seen from the well-

defined O2 peaks in the HRPD data (Fig. 3.16a).  
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3.3.6 Cation migration pathways in O2-LLNMOs 

For the computational models of LLNMOs, we employed 2×3×2 supercells 

containing 12 formula units of the LiMO2 (M = Li, Ni, and Mn) primitive cell (space 

group: P63mc and C2/m for O2 and O3 phases, respectively). For both phases, 

supercells consist of two TM layers and two Li layers (six cations per each layer). 

And composition of supercells is Li14Ni3Mn7O24, equivalently 

Li[Li0.17Mn0.58Ni0.25]O2, to be close to the composition of our experimental materials. 

To designate cation arrangements at the pristine state, the 50 lowest electrostatic 

energy configurations were selected for each phase using the Ewald summation 

method61,62. Then, GGA+U calculations were performed for selected configurations 

to identify the most stable structures. Fig. 3.17a represents in-plane cation 

arrangements in the most stable structures, which are same for O2- and O3-LLNMOs. 

In the one TM layer (TM layer-1), an excess Li ion is surrounded by 6 Mn ions, 

whereas in the other (TM layer-2), an excess Li ion is surrounded by 5 Mn ions and 

1 Ni ion. Cation arrangements in our computational models are exactly same with 

that of the O3-phase model in previous work63, and most consistent with 

arrangements from experimental observations on O3-LLNMOs64,65. 

In the process of calculating site energies, we considered the path along which TM 

ions move to the neighboring site in the Li layer through the face shared by the two 

sites rather than through the edge because the energy penalty of the narrow edge path 

is too high24. To exclude the effects of Li configurations, we used simplified models 
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with one Li layer empty. TM migration is local phenomena sensitive to the local 

atomic environment21. Thus, along the migration path of each TM ion, we estimated 

the site energies considering all the case where the local environments of 

intermediate sites and final lithium sites are different, as shown in Tables 3.1–3.3. 

First coordination sphere was considered to assign the local environment of each site. 

We would like to note that established supercells of O2- and O3-LLNMOs have the 

same in-plane cation orderings; thus, the oxygen stacking is the only factor causing 

the differences in the calculation of both structures. 

Figs. 3.17b–g present the stepwise TM migration pathways in O2- and O3-

LLNMOs for the representative TM ions for which initial migrations to the Li layer 

are the most thermodynamically feasible. Overall, the initial TM migrations were 

predicted to be much more likely to occur for Ni ions than for Mn ions due to the 

lower oxidation states of Ni ions. In all considered paths, Mn migrations to the 

intermediate sites always involve thermodynamic energy penalties (Figs. 3.17b–d). 

In contrast, ‘initial’ Ni migrations to the intermediate sites were verified to include 

thermodynamically spontaneous cases in O3 structure (Fig. 3.17e), and in both path 

A (Fig. 3.17f) and B (Fig. 3.17g) of the O2 structure. This is consistent with previous 

observations that Ni is the most liable to migrate to the Li layer in 

Li1+xNiyCozMn1−x−y−zO2 layered cathodes (x ≥ 0, y and z > 0)66–68, and suggests that 

the movement of Ni ions is particularly important when considering the TM 

migrations between layers. When Ni ion moves from the intermediate tetrahedral site 

of O3 structure, the migration to the neighboring octahedral site requires only 0.13 
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eV of energy penalty, while the return to the original site necessitates a higher energy 

penalty (0.19 eV). It indicates that, in a moving situation, Ni ion at the intermediate 

site prefers to move within the Li layer rather than return to its original site. On the 

other hand, when Ni ion moves from the intermediate tetrahedral (path A) or 

octahedral (path B) site of the O2 structure to neighboring sites in Li layer, it requires 

a significant energy penalty regardless of face-sharing with either TM or Li ions in 

the TM layer. Fig. 3.17f and g show that migrations to Li-facing sites entail less 

energy penalty than migrations to Mn-facing sites. However, even considering the 

most thermodynamically plausible pathways, Ni migrations to the face-sharing sites 

require a thermodynamic penalty of at least 0.66 eV. These results suggest that during 

charging, the intra-layer movements of Ni ions are thermodynamically prohibited, 

and Ni ions would be confined at the intermediate sites. It is worth noting that in 

lithium-rich layered oxides, Li ions in the TM layer can also be extracted during 

charging. Fig. 3.17h and i represent the TM migration pathways calculated for O2-

LLNMOs model where Li ions in the TM layers are additionally extracted. The 

initial Mn migrations to the Li layer are expected to be unlikely in this situation as 

well (Fig. 3.17h). Notable among Ni migration pathways is that Ni migration from 

intermediate tetrahedral site to the octahedral site, which shares face with Li vacancy, 

was predicted to be thermodynamically feasible (path A, ‘ii’  ‘iii’ in Fig. 3.17i). It 

signifies that at certain circumstances where TM ion at the intermediate site is in 

contiguity with the Li site of the TM layer, and Li vacancies are sufficiently secured 

in both TM and Li layers, the intra-layer TM migration can be allowed in the O2 
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structure. Nonetheless, it should be noted that a further subsequent TM migration in 

the Li layer, following the face-sharing with vacancy, is expected to be highly 

improbable because other sites in the Li layer maintain their face-sharing with 

cations. For this further off-course of TM to occur, the same conditions of Li vacancy 

in TM layer need to be continuously applied to the TM migration in the following 

step, which means there should be the region of segregated lithium ions in the TM 

layer. And it is unlikely to occur in conventional LLNMOs. The relaxation of 

structures placing Ni ion at the neighboring sites of the vacancy-facing site caused 

Ni ion to move back to the vacancy-facing site, suggesting prohibitively substantial 

instabilities of such neighboring sites (‘iv’ in Fig. 3.17i). More importantly, when the 

vacant sites of the TM layer are re-lithiated during discharging, the site that shared 

the face with the vacancy becomes unstable again. In that case, TM ion would prefer 

to return to the intermediate site because adjacent TM layer site of the intermediate 

site is empty. Indeed, the return of Ni ion to the intermediate site was calculated to 

be energetically favorable by 0.30 eV, while its other migrations in the Li layer 

require energy penalties of at least 0.72 eV (‘v’ in Fig. 3.17i). Therefore, although 

the one-step intra-layer TM migration can be occasionally allowed due to the Li 

vacancy in the TM layer, it would not lead to the astray of TM ions benefiting from 

the difficulties of the multi-step TM migrations in the Li layer. 

While we consider only the positions of TM ions assuming that a configuration and 

composition of Li ions do not change during TM migration, TM migration in real 

situation would involve the rearrangement of Li ions. Our calculation provides 
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comparison of the TM migration spontaneity in terms of site energies only, and 

further work is required to identify more precise mechanism of TM migration 

including various Li contents, Li configurations around moving TM ions, different 

in-plane cation arrangements, and kinetic contributions. 



156 



157 



158 

 



159 

Fig. 3.17 | TM migration pathways in lithium-rich layered oxides with O2- and 

O3- staking. a, The in-plane cation arrangements in the most stable structures of 

LLNMOs, which are same for both O2- and O3-LLNMOs. b–d, Migration of Mn 

ion b, in O3-LLNMOs, and along c, the path A and d, the path B in O2-LLNMOs. 

e–g, Migration of Ni ion e, in O3-LLNMOs, and along f, the path A and g, the path 

B in O2-LLNMOs. h and i present the TM migration behavior in O2-LLNMOs 

where the Li sites in the TM layer are vacant (Li0.5[Li0Mn0.58Ni0.25]O2 composition), 

for the h, Mn and i, Ni, respectively. Migration pathways are described for the 

representative Ni and Mn ions whose initial migrations to the Li layer are the most 

thermodynamically favorable. 
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3.3.7 Partial Mn reduction at low voltage 

When O2-LLNMOs are discharged from 3.4 V to 2.0 V (‘4’ → ‘5’ in Fig. 3.12a), 

the O K-edge and Ni L3-edge spectra no longer exhibit an appreciable differential 

peak, and a slight shoulder appears in the Mn L3-edge spectra at 640–642 eV. The 

emergence of theses peaks implies that the partial reduction of Mn4+ to Mn3+ 

accounts for the redox capacity below 3.4 V. XANES analysis further clarifies this 

partial manganese reduction (Fig. 3.13). The edge position in the XANES spectra of 

the pristine samples indicates that the initial oxidation state of Mn was +4 and that 

this edge position was maintained until the cell was fully charged and then 

discharged to 3.4 V. Upon further discharge to 2.0 V, the value shifted toward a 

lower energy close to that of the Mn(III)2O3 reference, whereas the Ni K-edge spectra 

did not shift in this low-voltage range. In the electrochemical tests (Fig. 3.12d), the 

small increase of the discharge capacity at 200 mA g−1 most likely results from the 

fast manganese redox substituting for some portion of the unfulfilled anionic redox 

activity below 3.4 V. Partial manganese reduction at the low voltage of discharge is 

a common phenomenon that has been previously observed in O3-Li1.2Ni0.2Mn0.6O2 

as well as other lithium-rich layered 3d metal oxides7,55. 
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3.4 Concluding remarks 

In summary, we proposed a new strategy to improve the reversibility of TM 

migration by employing an O2-type structural framework wherein the cation 

migration path is effectively modified because of unique site preferences. The intra-

cycle reversible behavior of TM ions was visualized through STEM measurements, 

and complementary XRD, Raman spectroscopy and HR-TEM analyses confirmed 

the preservation of the pristine structure over long-term cycling. Owing to this 

excellent reversibility, O2-LLNMOs exhibit remarkable reduction in voltage fade 

and redox asymmetry compared with their O3-phase counterparts. Theoretical 

calculations consistently presented that the intra-layer TM migration is 

thermodynamically prevented because of the large repulsion between face-sharing 

cations in O2-LLNMOs, facilitating the reverse migration. 

This work provides robust guidance that will help steer strategies to resolve the 

issues of voltage decay and hysteresis in a range of lithium-rich layered oxides. In a 

broader context, tailoring site preference to drive reversible cation migration is also 

applicable in other fields where irreversible cation migration is critical to the 

performance degradation of materials, such as with conventional layered 

cathodes69,70, electrocatalysis71 and photovoltaics72. Important directions for further 

study include exploring rich chemical spaces within the O2 structural framework 

through the careful control of cation and anion compositions. For example, recent 

studies have revealed for O3-LLNMOs and O3-LLNMCOs that the migration 
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tendencies of TM ions can be dependent on the oxides’ metal compositions7,23. 

Therefore, the combination of O2 structural framework and optimized lithium-rich 

chemistry will offer further unexplored opportunities in securing better structural 

reversibility and energy retention. Another remaining task for lithium-rich layered 

oxides is narrowing the gap between academic solutions and industrial needs with 

the improvement of the engineering and synthetic processes. Notably, alternative 

synthetic routes to produce the O2 phase are needed to circumvent the cost and 

lithium-loss issues associated with the ion-exchange method that was employed in 

this study. 
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Chapter 4. Summary 

In this thesis, I comprehensively investigated the working mechanism of lithium-

rich layered oxide electrodes and the engineering strategy of the cathode materials. 

The content includes (i) a unified picture of the coupling between structural 

evolution and oxygen-redox electrochemistry in layered transition metal layered 

oxides, and (ii) a desing stragety to mitigate the voltage decay and redox asymmetry 

in lithium-rich layered oxide electodes. 

In the first part, I presented a unified picture of oxygen redox electrochemistry in 

layered oxide electrodes. I focused on the local structural evolution during the 

dynamic intercalation process and its consequence on the solid-state oxygen 

electrochemistry in the short- or long-term battery operation for layered transition 

metal oxides. By employing two model systems of the layered Na0.6(Li0.2TixMn0.8–

x)O2 with the oxygen redox capability, it was demonstrated that the substantially 

distinct changes in the oxygen redox activity and reversibility are caused by different 

cation migration mechanisms available in the two systems during the de/intercalation 

(i.e., out-of-plane and in-plane migrations of transition metals). I showed that the π 

stabilization upon the oxygen oxidation initially aids in the reversibility of the 

oxygen redox and is predominant in the absence of TM migrations, however, the π-

interacting oxygens are gradually replaced by the σ-interacting oxygens that trigger 

the formation of O–O dimers and the structural destabilization over cycles. More 

importantly, it was revealed that the distinct TM migration paths available in the 
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respective layered materials govern the conversion from π to σ interactions and its 

kinetics. These findings provide hints at robust design guidelines for promoting the 

reversibility of the oxygen redox electrochemistry. In addition, these indicate that 

regulating the TM migration and its pathway is vital for tailoring the oxygen 

stabilization routes and subsequently achieving highly stable and reversible anionic 

redox chemistry. 

In the second part, I designed a new high-energy lithium-rich layered oxide 

electrode with highly reversible oxygen-redox activity. I demonstrated that the 

reversibility of the TM migration can be remarkably improved by changing the 

oxygen lattice structure of lithium-rich layered oxides from the typical O3 to O2 

layered stacking, thereby dramatically suppressing the voltage decay and hysteresis. 

I showed that the primary factor limiting the reversible migration of TM ions in the 

typical O3 layered structure is the intralayer movements of TM ions within the Li 

layer and that the O2 layered structure restricts these movements. The preeminent 

intra-cycle reversibility of the TM migration for O2-type layered compounds was 

experimentally confirmed using various structural characterizations. This high level 

of intra-cycle reversibility leads to preservation of the pristine layered structure over 

extended cycles as well as successful voltage retention. I further confirmed that the 

improved reversibility of TM migration helps remove the asymmetry of the anion 

redox (i.e., the voltage hysteresis), which has been suspected to stem from the 

presence of TM ions in the Li layer during discharge. These findings demonstrate 

that tailoring the TM migration in the layered structure provides a viable and general 
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strategy to simultaneously address the issues of voltage decay and hysteresis. 

Furthermore, this work provides robust guidance for the design of high-performance 

anion-redox-active electrodes and may rejuvenate the research field of lithium-rich 

layered oxides. 
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Abstract in Korean 

초록 

지난 30년 동안 정부, 업계 및 기타 이해 관계자는 '차량의 CO2 및 

NOx 배출'에 대해 지속적으로 우려해 왔다. 이러한 맥락에서 전기 

자동차는 탈탄소 전기와 결합될 때 기후 변화 완화에 효과적으로 기여할 

수 있다고 믿어져 왔다. 현재 전기 자동차의 성공은 기술적인 관점에서 

전기화학적 에너지 저장 기술(특히 리튬 이온 배터리 기술)의 혁신적인 

발전에 기인할 수 있다. 그럼에도 불구하고 전기 자동차가 소비자 

수용과 광범위한 시장 침투를 달성하기 위해서는 저렴한 비용으로 최소 

500km의 주행 거리가 필요하다는 것이 여전히 널리 받아들여지고 있다. 

따라서 리튬 이온 전지용 전극 재료 개발에 있어 에너지 밀도 및 비용 

측면에서 상당한 개선이 요구된다. 이와 관련하여 리튬 과잉 층상 

산화물 양극 재료는 리튬 기반 배터리를 사용하여 보다 저렴한 비용으로 

더 긴 주행 거리의 전기 자동차를 가능하게 하는 최적의 대안으로 

여겨지고 있다. 리튬 과잉 층상 산화물 전극의 추가적인 산소 산화/환원 

반응은 우수한 전기화학적 특성을 발현하여 높은 에너지 밀도를 

달성하는 새로운 방법을 제공한다. 그러나 산소 산화/환원 반응은 

비가역적인 구조적 변형과 지속적인 전기화학적 열화를 동반하므로 이 
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전략의 실제 적용을 방해한다. 특히, 이로 인한 전압 문제(전압 

히스테리시스 및 전압 강하)는 리튬 과잉 층상 전극 산화물 전극이 높은 

에너지 밀도를 갖음에도 불구하고 배터리에서의 실제 구현을 방해했다. 

본 학위논문에서 층상 산화물 전극에서 산소 산화/환원 전기화학 기작에 

대한 명확한 이해를 제시하고 전압 강하와 히스테리시스 문제를 동시에 

해결하기 위한 새로운 고에너지 리튬 과잉 층상 산화물 전극을 설계한다. 

제 2장에서는 층상 산화물 전극에서 산소 산화/환원 전기화학 기작에 

대한 명확한 이해를 제시한다. 본 연구를 통해, 산소 산화/환원 활성 및 

가역성의 뚜렷한 전이는 동적 탈/삽입 과정 동안 일어나는 다양한 

양이온 이동 메커니즘(즉, 전이 금속의 평면 외 및 평면 내 이동)에서 

유래하는 것으로 입증된다. 또한, 격자 산소 전기화학의 비가역성이 

본질적으로 산화된 산소에 대한 고유한 안정화 메커니즘(즉, π-상호작용 

또는 σ-상호작용 산소)에서 기인한다는 것을 보여주고, 이러한 기작은 

전기화학 사이클링 동안 층상 소재에서의 서로 다른 양이온 이동 경로에 

의해 지배되는 것을 밝힌다. 본 연구는 국부 구조 전이와 산소 

전기화학의 가역성 사이의 상관관계를 밝히는 데 한 걸음 더 나아가 

산소-산화/환원 층상계 전극 재료의 추가 개발을 위한 지침을 제공한다. 

제 3장에서는 가역적인 산소-산화/환원 활성을 가진 새로운 고에너지 

리튬 과잉 층상 산화물 전극을 설계한다. 전압 강하 및 히스테리시스는 
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주로 비가역적인 전이 금속 이동을 포함하는 점진적인 구조 재배열에서 

비롯된다는 것이 널리 받아들여지고 있다. 본 연구에선, 리튬 과잉 

산화물의 양이온 이동의 가역성이 층상 구조의 산소 적층 순서를 

변경하여 현저하게 향상될 수 있음을 입증하고, 이에 따라 전압 강하 및 

히스테리시스 문제를 극적으로 해결할 수 있음을 보인다. 신규 O2 

유형의 리튬 과잉 산화물에서의 우수한 가역적인 양이온 이동은 실험 및 

제1원리 계산에 의해 효과적으로 증명된다. O2 구조에서는 리튬 층 

내에서의 전이 금속의 이동을 제한할 수 있어 전이 금속의 제자리로의 

복귀 경로를 효과적으로 간소화할 수 있다. 이렇게 향상된 양이온 

이동의 가역성이 기존의 리튬 과잉 전극에서 음이온 산화/환원에 따른 

전압 강하 및 히스테리시스 문제를 효과적으로 완화하는 것으로 

입증된다. 본 연구는 양이온 이동의 가역성을 조절하는 것이 리튬 과잉 

층상계 소재에서 전압 강하와 히스테리시스를 줄이기 위한 실용적인 

전략이라는 것을 보여준다. 

 

주요어: 에너지 저장장치, 배터리, 리튬 이온 배터리, 양극 소재, 층상 

구조, 리튬 과잉 층상 산화물, 산소 산화/환원 

학번: 2017-26979 
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