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Abstract 

Triggering oxygen-centered redox activity has been regarded as a promising 

way to boost the capacity of layered cathode materials for Li/Na-ion batteries. 

However, irreversible loss of lattice oxygen aggravates a structural distortion to a 

spinel phase, which leads to severe voltage decay and capacity degradation. Herein, 

via a specific chemical ion-exchange procedure, the sodium within the alkali metal 

layer of a P2-type oxide precursor has been substituted by Li while the transition 

metal layer can be preserved, resulting in the formation of a Li-excess O2-type 

layered oxide cathode, Li0.66[Li0.12Ni0.15Mn0.73]O2 (LLNMO). Through systematic 

in/ex-situ and surface/bulk characterization (hard X-ray absorption spectroscopy, 

operando Raman/XRD and differential electrochemical mass spectroscopy, etc.), the 

redox reversibility and structural stability of LLNMO have been comprehensively 

demonstrated. More intriguingly, being evolved from the same sodium-based 

precursor, a similar O2-type compound generated by an equivalent electrochemical 

exchange procedure presents severely irreversible behavior on both structural and 

redox processes. On the aspect of materialogy and methodology, the sharp 

comparison results have elucidated that the chemical ion-exchange strategy can be 

regarded as an efficient way to design new classes of high-capacity cathode 

candidates which possess stable anionic redox activity and enhanced structural 

stability simultaneously. 
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1. Introduction  

Oxygen-centered redox chemistry has been regarded as a promising way to 

achieve high energy density in current battery systems.[1] Oxygen redox reactions can 

be triggered in layered cathodes when transition metal (TM) ions in TM layers are 

partially substituted by either vacancies or other light elements that are not redox 

active (Li, Na and Mg).[2] With that, several cathodes have broken the capacity 

bottleneck originating solely from conventional TM-centered redox activities.[3] For 

instance, typical Li-rich layered oxides, xLi2MnO3·(1−x)LiTMO2 (TM= Mn, Ni and 

Co), where transition metals (TM) are partly replaced by Li, deliver a high discharge 

capacity exceeding 250 mAhg−1.[4] Besides, oxygen redox usually occurs at higher 

voltage (above ∼4.0 V vs Li/Li+) compared with other anionic redox processes (e.g. 

sulfur, below ∼2.8 V vs Li/Li+).[5] However, the utilization of attractive anionic redox 

chemistry is generally accompanied by irreversible lattice oxygen loss, which is 

induced by deep oxygen oxidation reactions in high voltage region.[6] More serious, 

lattice oxygen release inevitably triggers a deleterious layered-to-spinel phase 

transformation because transition metal ions irreversibly migrate from the TM layer to 

the alkali layer, resulting in durative output-voltage decay, capacity degradation and 

irreversibility.[7] Notably, despite delivering more than 300 mAh g−1 charge capacity, 

Li2MnO3 (Li[Li0.33Mn0.67]O2), which operates solely through oxygen-centered 

oxidation reactions, displays limited reversible discharge capacities with severe 

voltage fading during long-term cycling, which can be attributed to irreversible 
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oxidation of lattice oxygen to O2 gas and the nucleation and growth of spinel domains 

upon cycling.[8]  

Synthetic methods based on ion exchange constitute a universal tool for 

exploring metastable inorganic materials, which have crystal frameworks analogous 

to the parent phases but with novel chemical composition.[9] In the field of 

rechargeable batteries, this route of synthesis has been used frequently in designing 

novel electrode materials for lithium storage, using both chemical routes in various 

media (i.e., hexanol, water and molten salt) and electrochemical approaches.[10] More 

specifically, through Li+/Na+ ion exchange reactions, Li compounds can inherit some 

structure features of their parent Na layered oxides, which cannot be directly achieved 

via direct synthesis methods.[11] For instance, Paulsen et al. developed O2-type 

layered Li2/3Ni1/3Mn2/3O2 by ion exchange, a phase which displays higher reversible 

capacity and excellent structure stability than an O3-type analogue (LiNi1/2Mn1/2O2) 

since the O2-type stacking (ABCBA) can be preserved upon cycling, whereas 

O3-type layered structure (R m) converts to a spinel phase (Fd m).[12] The robust 

structure stability might benefit from the fact that the O2-type structure restricts the 

movements of transition metals within the Li layer, which promotes the reversibility 

of the cation migration and thereby suppresses the formation of spinel phase upon 

cycling.[13] Based on these advantages of O2 stackings, it is urgent to develop a class 

of promising Li-excess cathode materials via electrochemical/chemical ion-exchange 

method to address the drawbacks of conventional Li-rich cathodes. Furthermore, it is 

also imperative to clarify the existence of cationic/anionic redox reactions, lattice 
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oxygen evolution, and phase transition within such Li-excess O2-type oxides to 

establish the underlying mechanism and potential applications of oxygen redox 

chemistry. 

Herein, Li-excess O2-type Li0.66[Li0.12Ni0.15Mn0.73]O2 was achieved from the 

corresponding P2-type Na analog via chemical Li+/Na+ ion exchange, where the 

layered structure and oxygen stacking was preserved yet Na+ ions within alkali metal 

layers were substituted by Li+ ions. Compared with an O2-type electrode generated by 

conducting the cation exchange electrochemically instead, irreversible oxygen 

behavior and a harmful layered-to-spinel phase transformation can be effectively 

suppressed within LLNMO, despite being generated from the same Na-based 

precursor. Moreover, the irreversible/reversible oxygen/TM redox behaviors of 

LLNMO are comprehensively unraveled and quantified through hard X-ray 

absorption spectroscopy (XAS), operando differential electrochemical mass 

spectroscopy (DEMS) and X-ray photoelectron spectroscopy (XPS). Furthermore, we 

establish that a reversible structure evolution without 3d metals migration can be 

achieved during Li+ (de)intercalation processes, resulting in high reversibility of 

anionic/cationic redox and structural evolution of LLNMO. These findings have 

elucidated that chemical ion exchange avenue can be regarded as an efficient way to 

resolve the issues of voltage decay and capacity fade within Li-rich layered oxides. 

 

2. Results and Discussion 

2.1 Synthesis, Structure Characterization and Electrochemistry 
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The Li-excess O2-type Li0.66[Li0.12Ni0.15Mn0.73]O2 (defined as LLNMO) was 

synthesized through a chemical ion exchange method from Na-deficient precursor 

Na0.66[Li0.12Ni0.15Mn0.73]O2 (labeled as NLNMO). Inductively Coupled Plasma (ICP) 

analysis and XRD were employed to evaluate the composition and crystal structure of 

NLNMO (Figure 1a, Tables S1 and S2). The nearly identical mol ratio of elements 

obtained from ICP test was in good agreement with the sample composition.  

Rietveld refinement of XRD was conducted by General Structure Analysis System 

(GSAS-Ⅱ), delivering a goodness of fitting with low error values of χ2 (1.76) and Rwp 

(4.71%). Moreover, the peaks shown in the calculated pattern fit well with the 

experimental XRD data, expressing an accurate indexing with a hexagonal P2-type 

arrangement with the space group P63/mmc. The calculated lattice parameters of 

NLNMO are a = b = 2.84(6) Å, c = 14.42(5) Å, α = β = 90°, γ = 120°. Therefore, the 

NLNMO is a typical P2-type layered oxide derivative of P2 layered Na2/3MnO2 in 

which part of Mn3+/4+ ions are substituted by Li+ and Ni2+ ions.[14] More specifically, 

the Li, Ni and Mn ions within NLNMO randomly occupy the octahedral sites between 

the AB oxide layers and Na occupies the trigonal prismatic sites within the alkali 

metal layer, delivering an ABBA oxygen stacking sequence (Figure 1a inset). 

After chemical ion exchange in molten salts (LiNO3 and LiCl), the chemical 

formula of LLNMO was also confirmed as Li0.66[Li0.12Ni0.15Mn0.73]O2 by ICP (Table 

S3), indicating only sodium ions within the alkali metal layer were substituted by 

lithium ions from molten salts. In addition, XRD of LLNMO and the corresponding 

Rietveld refinement results revealed a layered structure with a hexagonal O2-type 
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arrangement with space group P63mc (Figure 1b and Table S4). The calculated lattice 

parameters (a = b = 2.84(6) Å, c = 14.42(5) Å, α = β = 90°, γ = 120°) of LLNMO are 

also similar to values for O2-type Li2/3Ni1/3Mn2/3O2 in the literature.[15] The phase 

transition from P2 structure to O2 structure is due to the rearrangement of the layers 

to make octahedral sites for lithium by gliding every second Li/Ni/Mn layer in two 

directions (i.e., A becomes B or C) since lithium strongly favors octahedral 

arrangements whereas sodium can adopt prismatic or octahedral coordination within 

layered structures.[16]  

The electrochemical performance of NLNMO and LLNMO as cathode materials in 

Li half-cells was evaluated by galvanostatic cycling (Figures 1c and 1d). NLNMO 

presents a sloping voltage profile upon initial charge, similar to the first charge curve 

in a Na half-cell (Figure S1), indicating the Na extraction from NLNMO also occurs 

in Li half-cells. After this initial charge, NLNMO subsequently exhibits 

charge/discharge curves with a typical “S-shape”. These curves are similar to 

LLNMO in Li half-cell, suggesting lithium ion becomes the dominating charge carrier 

within NLNMO after the initial Na+ extraction. Nonetheless, it is possible that a 

limited amount sodium ions could conceivably still reinsert into the alkali metal layer 

during this process. After only a couple of cycles, a drastic downshift of the discharge 

voltage can be observed in NLNMO, whereas the voltage profile of the second 

discharge was almost identical to that of the first discharge for LLNMO. To further 

clarify the long-term voltage retention of these two cathodes, cycling for an additional 

10 cycles was performed (Figures S2 and S3). The negligible voltage decay of 
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LLNMO is in stark contrast with the severe fade of NLNMO under the same 

electrochemical cycling conditions. Besides, LLNMO delivered a marginal 

irreversible capacity of 2.9 mAhg−1 upon second discharge, in comparison with the 

large irreversible capacity of 30 mAh g−1 for NLNMO, implying more stable and 

reversible electrochemical behavior in LLNMO.  

The structural evolution of NLNMO and LLNMO during the initial two cycles 

were further investigated (Figures 2a and 2b). Compared with pristine state, the (002) 

peak of NLNMO shifted to higher angle and other peaks disappeared, which arises 

from the substitution of Li+ for Na+ via the electrochemical ion exchange. The 

similarity in peak positions of XRD data between NLNMO and LLNMO illustrates 

the phase transition from the original P2 to an O2 phase, further reflecting the Li+ 

intercalation during discharging (Table S5).[10a] Nonetheless, it is worth mentioning 

that a small peak appeared around 16°, which is associated with the persistence of a 

minor amount of P2 phase due to an incomplete phase transition. This impurity might 

be harmful for the stability of homogeneous layered structure upon long-term 

cycling.[10b, 17] However, the O2-type layered structure of LLNMO was obviously 

maintained during the Li+ (de)intercalation processes, as demonstrated by the high 

intensity of the main (002) peak and the absence of any impurity phases. This 

observation suggests that the structure stability of the O2-type cathode made by 

chemical ion exchange was superior to the counterpart generated electrochemically 

(Figure 2b and Table S6).  
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To further clarify the underlying reasons of irreversible capacity and voltage 

decay, in-situ DEMS and ex-situ Raman spectroscopy were employed for NLNMO 

and LLNMO. At the end of initial charging, serious O2 release can be clearly detected 

within NLNMO, delivering 376.6 µmol O2 loss per mol of active material (Figure 2c). 

The evolution gaseous O2 can only be attributed to arise from oxidized lattice oxygen 

species. Since the O2 evolution from the lattice oxygen is a 4e− process, the 

irreversible capacity from the oxygen loss can be calculated to be 40.3 mAh g−1 

within NLNMO.[3a] As a sharp comparison, a limited capacity loss (8.4 mAhg-1, 78.7 

µmol O2 loss per mol of electrode) can be achieved with LLNMO during initial 

charging. Furthermore, the destructive O2 release was effectively restrained in 

LLNMO during the second charge, compared to a persistently high generation of this 

gas in NLNMO at the same stage. Ex-situ Raman spectra were employed to probe the 

local structure change within these two cathodes, which cannot be detected by XRD 

analysis (Figure 2d). For NLNMO, compared with pristine state, the spectrum of 2nd 

discharged sample showed the same position of main peak at 595 cm-1 (attributed to 

the symmetric A1g mode) while a wide shoulder occurs at ∼630 cm−1.[18] In turn, the 

Raman spectrum from a sample after the 5th discharge exhibits striking changes, 

delivering a blue shift (from 595 to 645 cm−1) and pronounced broadening of the main 

peak (∼645 cm−1), which are indeed associated with the formation of a cubic spinel 

phase (∼630 cm−1).[19] Moreover, the increase of full width-at-half maximum 

(FWHM) of the A1g Raman mode (TM-O stretching) might be associated with the 

formation of cationic disorder and oxygen stacking faults upon cycling.[20] 
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Furthermore, the disappearance of a group of peaks centered at ∼480 cm−1 can be 

ascribed to irreversible TM migration into the alkali metal layer. This TM migration 

leads to the creation of a spinel-like cation arrangement, which is consistent with the 

previous literature reports of Li2MnO3.[21] These changes in Raman spectra indicate 

that the layered structure of pristine NLNMO converts to cubic spinel-like structure 

during cycling, which is in good agreement with the voltage decay and capacity loss 

observed in electrochemical studies. In contrast, the Raman spectra of LLNMO both 

after the 2nd and 5th discharges show similar features, particularly, position and 

FWHM of the A1g mode, to the pristine state. This spectral stability demonstrates that 

the hexagonal layered structure of LLNMO was maintained, without layered-to-spinel 

transition, during cycling, which provides a solid foundation for electrochemical 

stability in long-term cycling. 

 
2.2 Cationic/Anionic Valence State Analyses 

To further investigate the charge compensation mechanism in Li-excess O2-type 

LLNMO, Ni and Mn K-edge hard X-ray absorption spectroscopy (XAS) were 

employed during the two initial Li+ (de)intercalation cycles. The oxidation state of 

both Ni and Mn during charging and discharging can be deduced from the variation in 

the threshold of the absorption edge (Figure 3), aided by the 1st derivative curves. A 

semiquantitative estimation of the oxidation state of Ni/Mn at different states was 

performed by applying an integral method in the literature.[23] In the first place, the 

method was employed to give linear relationship between Mn/Ni oxidation states of 

standard references and edge positions regardless of the edge shape (Figure 3c and 
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3d). Moreover, approximate average Mn/Ni oxidation states of LLNMO at different 

charged sates can be deduced in the linear dashed line of reference samples. The 

detailed data processing is also shown in Figure S6 and S7. The contribution of 

Ni/Mn-based and oxygen to the redox reactions at different states could thus be 

concluded (Figure S8). 

Compared with the standard spectrum collected from Ni2+ (Figure S4), the 

pristine state of Ni within LLNMO was found to be consistent with +2. After charging 

to 4.8 V, the Ni K-edge shifted toward higher photon energy (green trace), indicating 

an increase in oxidation state from Ni2+ to an average value above Ni3+, but not quite 

reaching Ni4+, during the initial charge process (Figure 3a). The spectra almost 

completely shifted back to its original position after discharge to 3.0 V (blue trace), 

reflecting a nearly reversible reduction process of Ni. After discharge from 3.0 V to 

2.0 V, however, there was no significant change of the position of the absorption edge, 

suggesting Ni redox is not significantly involved at this stage (orange trace). 

Subsequent recharge to 4.8V induced a shift to a position similar to the first charged 

state (purple trace). Thus, Ni redox within LLNMO undergoes a relatively reversible 

process during initial two Li+ (de)intercalation cycles. In the case of Mn, compared 

with the reference spectra of MnO2, the edge position in the Mn K-edge spectrum of 

pristine LLNMO was consistent with an initial oxidation state of +4 (Figure S5). 

During initial charging, the Mn K-edge position stayed constant (green trace), 

revealing that the Mn oxidation state remained +4 (Figure 3b) and did not participate 

in the oxidation. However, the Ni oxidation reactions alone cannot compensate all the 
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charges equivalent to the observed charge capacity, suggesting the existence of the 

possible oxygen-related redox in this stage, similar to conventional Li-rich layered 

oxides.[7a, 22] Upon discharge to 3.0 V, the valence state of Mn remained unchanged, 

indicating Mn redox was also not involved at this high voltage range (blue trace). 

However, an obvious low-energy shift of the absorption edge can be observed after 

discharge to 2.0 V, with the absorption edge approaching Mn3+ (orange trace). This 

observation indicates a reduction of Mn, whereas Ni did not participate in this 

low-voltage range. The partial manganese reduction occurs at potentials below 3 V 

during discharging is in agreement with previous studies of other lithium-rich layered 

3d-metal oxides.[22] All in all, Mn remained inactive during charge/discharge 

processes between 3.0 and 4.8 V but involved in the process between 2.0 and 3.0 V 

during initial cycle. After recharge to 4.8 V, the spectrum approached the pristine 

state (purple trace), indicating Mn ions are re-oxidized to Mn4+, thus showing a 

reversible cationic redox process during the second cycle.  

2.3 Analysis of the Behavior of Oxygen  

Further in-depth probing of oxygen-related activity within LLNMO were carried 

out by ex-situ X-ray photoelectron spectroscopy (XPS) and operando Raman 

spectroscopy (Figure 4). For pristine LLNMO, the O 1s XPS peak corresponding to 

lattice oxygen (O2−) is located at 529.3 eV. Besides, peaks at higher binding energy 

are assigned to oxygenated species deposited on the surface including C=O (531.1 

eV) and C−O (532.8 eV) environments (Figure 4a).[24] After charging to 4.8 V, a new 

shoulder appears at around 530.8 eV, which has been ascribed to the formation of 
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electron-depleted oxo species (On−). This peak is visually less evident after discharge 

to 3.0 V and disappears after discharge to 2.0 V, indicating reversibility of the lattice 

oxygen during initial discharging. Notably, the peak of peroxo-related species can be 

obtained again when the LLNMO are recharged to 4.8 V, which is consist with 

previous results observed in lithium-rich layered oxides,[25] suggesting a sustained 

reversible oxygen redox process within LLNMO. A fit of the spectra after the 1st 

charge shows that the relative amount of O2
n− is ∼11.4% with respect to the initial 

lattice oxygen component, which is in accordance with the capacity distribution (∼67 

mAh/g based on O2−/O2
−) of oxygen redox during initial charge process. Furthermore, 

etching was conducted on the electrode in order to confirm the persistence of the 

signal up to ∼100 nm into its bulk. With increasing of the probing depth, there was 

minimal decrease in the value of relative amount of On− (Figure 4b), further indicating 

that oxygen redox was not constrained to the surface.  

The stretching of the O−O bond (795 ∼ 845 cm−1) detected via in-situ Raman 

spectroscopy of LLNMO confirms the formation of peroxo species during the initial 

two charges (Figure 4c), unraveling the existence of lattice oxygen redox. These 

signals vanished upon discharge to 2.0 V, reflecting that the peroxo species can be 

reversibly reduced back to the initial state (Figure 4c). Similarly, the Raman signals of 

the peroxo species can also be observed in NLNMO during initial charging, revealing 

the activation of the oxygen redox chemistry within NLNMO. In addition, a sharp 

peak appears at ∼1104 cm−1 at the end of the initial charge, revealing the formation of 

superoxo species (O2
−). The superoxo species is not stable and will be further 
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oxidized to O2, leading to a significant gas evolution, congruous with the observations 

of DEMS. However, distinctive from NLNMO, this irreversible oxygen behavior 

(superoxo species) cannot be detected for LLNMO, which could explain the much 

less O2 evolution observed in DEMS (Figure 2c). Therefore, operando Raman 

spectroscopy results further illustrate the reversibility of anionic redox reactions 

within LLNMO, which is consistent with the changes obtained by XPS.  

 
2.4 Reversible Structure Evolution and stable electrochemical performance 

Next, operando XRD was conducted to evaluate the reversibility of the structural 

evolution of LLNMO upon the first two Li+ (de)intercalation cycles (Figure 5a). 

During initial charging, the (002), (004) and (006) peaks obviously shift to higher 

angle, indicating the c-lattice parameter rapidly decreases in this process, which can 

be attributed to the shrinkage of TM layer caused by oxidation reactions of Ni2+ 

or/and lattice oxygen. Furthermore, these peaks shift to lower angle than the original 

state after the first discharge, indicating more Li ions are inserted to alkali metal layer 

beyond its initial composition, which is consistent with a higher capacity during 

discharge than charge (Figure 1d). Moreover, the evolution of peak positions upon the 

second charge exhibits a reverse trend relative to the initial discharge. After the first 

two cycles, there is no phase transition within LLNMO electrode, demonstrating a 

good preservation of the trigonal O2-type structure during Li+ (de)intercalation 

processes. Even after 50 cycles, the layered structure and O2-type oxygen stacking 

can be maintained (Figure 5b and Table S7), revealing that LLNMO has excellent 

structural stability during long-term cycling. 
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In addition, the normalized discharge curves and corresponding dQ/dV profiles 

between the 2nd and 50th cycles are shown to investigate the long-term 

electrochemical performance of LLNMO (Figure 5c). It is worth mentioning that the 

two pseudo-plateaus located at 3.67 and 2.73 V are well preserved and the positions 

of corresponding dQ/dV peaks remain constant, indicating the voltage decay can be 

effectively suppressed during long cycling. At the low current density of 10 mA g−1 

(Figure 5d), limited capacity decay (average capacity drop of 0.15 % upon 100 

cycles) and superior coulombic efficiency can be achieved, which indicates stable 

anionic/cationic redox processes and excellent structure stability can be realized 

simultaneously within LLNMO during long-term cycling. 

 

3. Conclusion 

In this work, O2-type Li0.66[Li0.12Ni0.15Mn0.73]O2 was developed as cathode 

material via a specific chemical ion-exchange procedure, inheriting the layered 

structure and Li-excess state within transition metal layer from P2-type Na-based 

oxide precursor. Reversible oxygen/TM redox reactions can be achieved in LLNMO, 

which is comprehensively demonstrated by the combination of hard XAS and XPS. 

Moreover, the layer-to-spinel phase transition and lattice oxygen loss are effectively 

suppressed within LLNMO, delivering robust structure stability and excellent 

electrochemical reversibility during long-term cycling.  By contrast, a similar 

O2-type compound harvested by an electrochemical substitution procedure presents 

severe oxygen loss and voltage decay although it is evolved from the same 
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sodium-based precursor. Altogether, chemical ion-exchange strategy can be regarded 

as an efficient way to optimize anionic/cationic redox chemistry within lithium-rich 

materials, which will offer further unexplored opportunities in securing better 

structural reversibility and energy retention. 
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Appendix A. Supporting Information 
Experimental section, materials characterization, hard X-ray photoelectron 
spectroscopy (XAS) measurements, operando shell-isolated nanoparticle-enhanced 
Raman spectroscopy (SHINERS) measurements, operando Differential 
Electrochemical Mass Spectrometry (DEMS) measurements and electrochemical 
measurements. 
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Figure 1. Structural characterization and electrochemical performance of P2-type 

NLNMO and O2-type LLNMO. The XRD patterns of pristine (a) P2-type NLNMO 

and (b) O2-type LLNMO. The observed patterns, the calculated patterns, the 

difference between the two patterns and the corresponding Bragg positions are shown 

for each XRD pattern. Schematic illustration of the crystal structure of NLNMO with 

ABBA oxygen stacking and LLNMO with ABAC oxygen stacking are shown as inset 

for comparison. Typical charge–discharge profiles of (c) NLNMO and (d) LLNMO 

within the voltage window of 2.0 to 4.8 V at the current density of 10 mA g−1 in 

Li-half cells. The number of moles of electron correspond to the moles of 

(de)intercalated Li+/Na+ during initial two cycles. 
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Figure 2. Structural evolution of NLNMO and LLNMO during cycling. XRD 

patterns of (a) NLNMO and (b) LLNMO after two cycles, and corresponding results 

of Rietveld refinement, at the discharged state. The star symbol represents the 

diffraction peaks from the Al current collector. (c) Operando differential 

electrochemical mass spectrometry (DEMS) of the rate of O2 evolution from NLNMO 

and LLNMO during the initial two charges. (d) Ex-situ Raman spectra of NLNMO 

and LLNMO after the 2nd and 5th cycles, in the discharged state. The Raman spectra 

of pristine NLNMO and LLNMO are also shown for comparison. 
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Figure 3. Analysis of transition metal activity in LLNMO during the first two cycles. 

(a) Ni K-edge and (b) Mn K-edge X-ray absorption spectra (XAS) at different states 

(pristine, 1st charged 4.8 V, 1st discharged 3.0 V, 1st discharged 2.0 V and 2nd charged 

4.8 V). The corresponding 1st derivative and expanded edge region are also plotted as 

inset. Evolution of the estimated oxidation state of (c) Mn and (d) Ni during initial 

two cycles. The linear calibration between Mn/Ni redox states and the K-edge 

positions is determined by the integral method. 
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Figure 4. Additional insight into anionic oxygen-related redox processes. (a) O 1s 

XPS spectra of LLNMO collected at different charged states. (Pristine state, 1st 

charged 4.8 V, 1st discharged 3.0 V, 1st discharged 2.0 V and 2nd charged 4.8 V). (b) O 

1s XPS spectra of LLNMO collected after the 1st charged with different etching 

depths. (c) Operando Raman spectra of LLNMO and NLNMO collected at different 

charged states.  
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Figure 5. Structural evolution processes and electrochemical stability of LLNMO 

during long-term cycling. (a) Operando XRD patterns of LLNMO electrode during 

the initial two cycles. The peak around at 18.5° (star symbol) is attributed to binder 

(PTFE) within electrode. (b) The XRD patterns of LLNMO electrode after 50th cycles 

collected at discharged state. The star symbol represents the diffraction peaks from Al 

current collector. (c) The normalized discharge profiles of LLNMO and 

corresponding dQ/dV curves of 2nd, 5th, 10th, 20th and 50th cycles. (d) The cycling 

performance of LLNMO between 2 and 4.8 V at the current density of 10 mA g−1. 
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