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Origin of structural degradation in Li-rich 
layered oxide cathode

Tongchao Liu1,10, Jiajie Liu2,10, Luxi Li3,10, Lei Yu4, Jiecheng Diao5, Tao Zhou4, Shunning Li2, 
Alvin Dai1, Wenguang Zhao2, Shenyang Xu2, Yang Ren3,9, Liguang Wang3, Tianpin Wu3, Rui Qi2, 
Yinguo Xiao2, Jiaxin Zheng2, Wonsuk Cha3, Ross Harder3, Ian Robinson5,6, Jianguo Wen4, 
Jun Lu1 ✉, Feng Pan2 ✉ & Khalil Amine1,7,8 ✉

Li- and Mn-rich (LMR) cathode materials that utilize both cation and anion redox can 
yield substantial increases in battery energy density1–3. However, although voltage 
decay issues cause continuous energy loss and impede commercialization, the 
prerequisite driving force for this phenomenon remains a mystery3–6 Here, with in situ 
nanoscale sensitive coherent X-ray diffraction imaging techniques, we reveal that 
nanostrain and lattice displacement accumulate continuously during operation of 
the cell. Evidence shows that this effect is the driving force for both structure 
degradation and oxygen loss, which trigger the well-known rapid voltage decay in 
LMR cathodes. By carrying out micro- to macro-length characterizations that span 
atomic structure, the primary particle, multiparticle and electrode levels, we 
demonstrate that the heterogeneous nature of LMR cathodes inevitably causes 
pernicious phase displacement/strain, which cannot be eliminated by conventional 
doping or coating methods. We therefore propose mesostructural design as a 
strategy to mitigate lattice displacement and inhomogeneous electrochemical/
structural evolutions, thereby achieving stable voltage and capacity profiles. These 
findings highlight the significance of lattice strain/displacement in causing voltage 
decay and will inspire a wave of efforts to unlock the potential of the broad-scale 
commercialization of LMR cathode materials.

Although several prevailing theories have been established for volt-
age fade, including transition metal (TM) migration, TM valence state 
reduction and irreversible phase transitions, fade has eventually been 
attributed to thermodynamic instability of lattice oxygen and to oxygen 
release7–11. Previous research efforts have also sought diverse solu-
tions to premeditatively enhance lattice oxygen stability; however, the 
effectiveness of these strategies is limited and this problem remains 
unresolved so far12–15. This predicament raises the suspicion of whether 
thermodynamic instability is the governing prerequisite for voltage 
decay in the Li- and Mn-rich (LMR) cathode.

In conventional intercalation cathodes, Li-ion (Li+) movement in/out of 
the host framework will drive dynamic structural evolution, which directly 
affects structure stability and the electrochemical profile16–18. Unfortu-
nately, uneven Li+ (de)intercalation and heterogeneous electrochemi-
cal reactions often occur in these cathodes, leading to non-equilibrium 
structural dynamics at both the macroscopic and microscopic levels19–21. 
The former is manifested as the anisotropic volume variation and bulk 
mechanical strain, which have been broadly viewed as the root cause 
of mechanical degradation, such as secondary particle cracking22,23. 
The latter contributes to nanoscale strain with less detectable lattice 

displacement24, in which the destructive effects on topical structure sta-
bility remain unclear. This is particularly important for the LMR cathode 
because its heterogeneous structure is composed of two structurally 
coherent nanodomains (LiTMO2 and Li2MnO3), which are electrochemi-
cally activated in separate voltage ranges with different redox chemis-
tries25–27. It is such heterogeneous structural dynamics of nanodomains 
that determine the global generation of nanoscale strain, which can 
substantially alter the structural stability and aggravate oxygen release.

Despite its fundamental importance, lattice displacement and 
nanoscale strain are probably the least understood structural prop-
erties in battery materials. Owing to technical limits faced in the past, 
characterization tools could not penetrate into nanoscale regimes, 
preventing the observation of lattice displacement and analysis of 
nanoscale strain28. It is even more challenging to monitor the spatial 
strain evolution under operando conditions20,29,30. Clearly, building 
a mechanistic link between nanoscale structure dynamics and elec-
trochemical properties requires systematic investigations spanning 
multiple length scales, which have the benefit of unifying the previous 
electrochemical degradation mechanism of LMR cathodes and guiding 
effective approaches to mitigating voltage fade.
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Initial structure/electrochemical properties
A representative LMR cathode with Li1.2Ni0.13Mn0.54Co0.13O2 was synthe-
sized by a classical sol–gel method27. Its morphology and composition 
details are described in the Methods and Extended Data Fig. 1a–f. The 
X-ray powder diffraction measurement (Fig. 1a) shows identical results 
to those reported in the literature26,27. Characteristic super-reflections 
present in the 2θ region 1.4–2° correspond to Li/Mn ordering in the 
TM slabs (Li2MnO3-like phase). Detailed structure information can 
be found in Extended Data Table 1. Aberration-corrected scanning 
transmission electron microscopy (AC-STEM) was applied to directly 
visualize the spatial distribution of LiTMO2 and Li2MnO3 domains.  
As shown in Fig. 1c–e, it is clear that a typical layered structure is com-
posed of two types of bright spot arrangement. LiTMO2 domains are 
three-dimensionally incorporated into the Li2MnO3 lattice without 
obvious interphase boundaries, indicating that these two phases are 
randomly mixed and share the coherent lattice structure.

The electrochemical profile of the LMR cathode shows a high discharge 
capacity of 273 mAh g−1 but also rapid voltage fade and capacity loss con-
currently during cycles (Fig. 1b)31,32. Notably, two distinct electrochemical 
stages at different voltage ranges were observed from the first charge 
profile (Extended Data Fig. 2a, b). Stage 1 is attributed to the activation of 
LiTMO2 domains associated with the oxidation of Ni and Co ions33. Stage 2, 
at a plateau voltage over 4.47 V, corresponds to the activation of Li2MnO3 
domains, in which lattice oxygen is oxidized, usually accompanied by 

oxygen release34,35. The galvanostatic intermittent titration technique 
(GITT, Extended Data Fig. 2c, d) further confirms the differential electro-
chemical activities of these two structurally coherent domains.

It is argued that oxygen-related gas stems from the activation of thermo-
dynamically unstable Li2MnO3 domains33,36. Paradoxically, recent results 
from density functional theory (DFT) calculation demonstrate that oxygen 
release is thermodynamically unfavourable in the initial delithiation of 
the pure Li2MnO3

37,38. To clarify the uncertainty shrouding oxygen release, 
we carefully measure the gas evolution of Li2MnO3 using differential elec-
trochemical mass spectrometry (DEMS), in which oxygen-related gas 
is absent at the initial activation of Li2MnO3 around 4.5 V (less than 20% 
delithiation) and starts to be detected at over 20% delithiation of Li2MnO3 
(Extended Data Fig. 3a–e). This result provides direct evidence that the 
activation of pure Li2MnO3 material is not the root cause of oxygen release. 
Consequently, the oxygen release mechanism of the LMR cathode cannot 
be solely attributed to the activation of domains of Li2MnO3 and its ther-
modynamic instability. The interaction between Li2MnO3 and LiTMO2, 
which will lead to non-equilibrium structural responses, is critical for 
oxygen release, but it seems to have been overlooked previously and has 
rarely been investigated due to the characterization limit.

Strain evolution observed through BCDI
Bragg coherent X-ray diffraction imaging (BCDI) is an indispensable tool 
to visualize structural, morphological and lattice strain information in 
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Fig. 1 | Electrochemical profile and initial structure of the LMR cathodes. 
 a, The X-ray diffraction pattern and Rietveld refinement results of 
the LMR cathode. b, Charge–discharge curves of the LMR cathode within a 
voltage range of 2.0–4.8 V at 0.1C rate current. c, High-resolution TEM image 
showing the atomic arrangement of the LMR cathode. d, Enlarged image of c. 

Regular ‘bright–bright–dark’ arrangements are identified as Li2MnO3 domains, 
which are characterized by the well-known honeycomb Li–Mn ordering. 
LiTMO2 domains are identified with no distinguished dark spots in the bright 
spot columns. e, Schematic structure of LiTMO2 domains and Li2MnO3 
domains.
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electrode materials24,39,40. In situ BCDI measurements were performed 
to monitor lattice displacement and analyse strain evolution of the LMR 
primary particle during electrochemical reactions. The experimental 

set-up and data analysis are illustrated in the Methods. Henceforth in 
this work, we will refer to images of this lattice displacement as generic 
‘strain’, although it is technically an integral of strain24.
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Fig. 2 | Strain evolution of the LMR primary particle and its relationship 
with oxygen release. a–l, In situ (a) BCDI images of the 3D LMR particle in the 
strain field, measured at 3.2 V (OCV) (b), 3.75 V (c), 3.90 V (d), 3.99 V (e), 4.09 V 
(f), 4.25 V (g), 4.38 V (h), 4.43 V (i), 4.46 V ( j), 4.49 V (k) and 4.51 V (l). The 
compressive and tensile strains are expressed by blue and red colours, 

respectively. The strain evolution in each state is detailed by the spatial 
location of the slices along the y axis. m, In situ differential electrochemical 
mass spectroscopy measurements for the LMR primary particle. n, Formation 
energy of O vacancies in Li2MnO3 and Li1.5MnO3 when tensile strains are applied. 
o, Schematic illustration of the influence of lattice strain on O release.
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In Fig. 2a, to demonstrate the spatial lattice evolution, the recon-
structed LMR primary particle is displayed as three-dimensional 
cross-section images. In the pristine stage (Fig. 2b), we observed 
the concurrent appearance of both compressive and tensile strain.  
We believe these initial strains are due to local Li aggregation and 
vacancies caused by the high-temperature sintering process. The initial 
strain gradually disappears with initial delithiation as rearrangement 
of Li occupancies in Li layers occurs (Fig. 2c). When entering the first 
voltage slope around 3.9 V (Fig. 2d), a tensile strain begins to present 
itself on the particle surface. As discussed above, the initial Li extrac-
tion predominately occurs in the LiTMO2 domains and results in local 
lattice expansion. The lattice expansion is partly confined by the inac-
tive Li2MnO3, which results in tensile strain at nanoscale. The tensile 
strain occurs preferentially near the particle surface area, which makes 
sense as Li extraction starts there. With continuous Li extraction, the 
tensile strain gradually accumulates and extends into the interior of 
the particle (Fig. 2e–h). At the end of stage 1 (4.43 V), in which almost 
all LiTMO2 domains are fully delithiated, the electrostatic repulsion 
between oxygen layers reached the maximum, resulting in the existence 
of tensile strain in the entire particle (Fig. 2i). Therefore, undergoing 
such inhomogeneous Li concentration and accumulated tensile strain 
severely affects the structural stability of the composite LMR cathodes, 
which may trigger the decomposition of Li2MnO3 domains.

Interestingly, the lattice strain evolution reverses on entering stage 2.  
Figure 2j shows that the tensile strain started to decrease at 4.46 V, 
which is considered the starting voltage of the Li2MnO3 domain activa-
tion and the onset of O2 release. To verify this, in situ DEMS was carried 
out to measure the gas generation during the first charge. Figure 2m 
shows that oxygen-related gas did not evolve in stage 1. On entering 
stage 2, onset of the O2 and CO2 signals were simultaneously observed, 
which is consistent with the strain changes mentioned above41.  
The overall tensile strain gradually decreased with oxygen release in 

stage 2 (Fig. 2k, l), until the particles disappeared from the detection 
field over 4.51 V. As a consequence, the correlation between lattice 
strain evolution and oxygen release is naturally established. The inho-
mogeneous electrochemical kinetics of two domains results in the 
global existence of tensile strain in the coherent lattice and tremen-
dous inhomogeneity in the Li+ concentration, which will accelerate the 
decomposition of Li2MnO3 and trigger oxygen release. After oxygen 
release, the confined lattice expansion relaxes and in turn leads to 
decrease in lattice strain. This argument is further supported by the 
results of the DFT calculation. Figure 2n, o indicates that the energy 
barriers to remove lattice oxygen will be significantly reduced when 
the increased lattice strain is applied to the Li2MnO3 domains.

Origin and relaxation of tensile strain
Systematic structure characterization at multilength scales was per-
formed to investigate LMR structure evolution during the first cycle 
(Fig. 3a) and link lattice displacement/nanostrain with electrochemical 
reaction. The in situ coherent X-ray multicrystal diffraction (CMCD) 
technique was initially applied to monitor minuscule LMR phase evo-
lutions during operando operation41. This technique provides unique 
observations that lie between macroscopic and microscopic views and 
which fill the gap between conventional X-ray diffraction and BCDI. 
In Fig. 3b, the image captured at the open circuit voltage (OCV) shows 
a single ring composed of sequential bright diffraction spots (D1), 
which correspond to c axis reflections of tens of primary particles. 
As single-phase reaction in LiTMO2 domains occurs below 4.47 V, no 
obvious Debye–Scherrer ring changes occur. At 4.472 V, when oxygen 
release begins, a bright diffraction spot appears at a smaller angle (D2), 
which suggests that part of a particle undergoes lattice expansion with 
oxygen release. This reaction is attributable to activation of Li2MnO3 
domains and leads to the relaxation of the confined lattice. The D2 

4.472 V

Pristine

4.385 V 

4.562 V

4.800 V Dis 4.556 V

Dis 4.476 V

Dis 4.258 V

Dis 3.973 V

Dis 2.000 V

D1 D1

D1

D1

D1

D1

D1

D2

D2

D2

D3

D3

D2

D2

D2

D2

D1

D1

D1

a

c

b

*
(003)

(101)
(102)

(018)/(110)

(113)

5 1.34 1.38 1.42 2.7 4.6 4.8 5.02.8 2.94 3 2
Potential (V)

Pris
4.0

4.4
4.45

4.5

4.53

4.6
4.7

4.4D
4.2D

4.0D

3.6D

3.2D

3.0D

2.0D

XRD CMCD BCDI

Macroscopic Quasi-microscopic Microscopic

2  (°)

Fig. 3 | Multiscale X-ray diffraction techniques used to investigate the 
structure evolution of the LMR cathode. a, Schematic of multiscale X-ray 
diffraction (XRD) techniques used in this work. b, In situ CMCD for the Debye–
Scherrer ring of the (003) peak along with charge and discharge (Dis) curves of 
the LMR cathode. With just tens of particles giving diffraction signals, CMCD 
can record semi-statistical information on the structure transmissions of LMR 

particles and the response of individual crystals, which are typically not visible 
in conventional X-ray diffraction. Bright spots in the left column show initial 
multicrystal diffraction corresponding to tens of particles. D1, D2 and D3 
correspond to three lattice distances. c, Ex situ HEXRD of the LMR cathode 
measured at different potentials. The peak marked by * comes from the 
polytetrafluoroethylene binder.



Nature  |  Vol 606  |  9 June 2022  |  309

ring intensity increases between the oxygen redox plateau and the 
complete charge until reaching a maximum at 4.8 V; meanwhile, the 
original powder ring (D1) weakens as the new powder ring intensifies. 
These CMCD results clearly show inhomogeneous lattice expansion 
in the LMR cathode during the first charge. In stage 1 (below 4.472 V), 
due to the surrounding inactive Li2MnO3 domains, the lattice expan-
sion is partly confined and only presents one diffraction ring. Such an 
inhomogeneous structure evolution of two domains is the primary 

cause of the tensile strain observed in the BCDI images. As tensile strain 
gradually reaches the limit, Li2MnO3 domains struggle with the imposed 
lattice strain and the Li+ concentration imbalance, which subsequently 
triggers Li2MnO3 decomposition. The confined lattice expansion is 
released naturally with activation of the Li2MnO3 domains, leading to 
relaxation of the tensile strain.

During discharge, reflections in CMCD images convert back to a sin-
gle diffraction ring (D1) via sequential converse structure transitions. 
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Fig. 4 | Visible observation from atomic-level TEM, 3D electron diffraction 
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the LMR cathode charged to 4.47 V. b, Enlarged image of the LMR particle's bulk 
area. c, High-resolution TEM image of the LMR surface. d, Schematic of the data 
collection process of 3D-rED. e, Reciprocal lattice along the a* axis of 
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delithiated sample (4.5 V) at a certain angle of rotation. h, Low-magnification 
TEM image of the LMR cathode charged to 4.8 V. i, j, EELS line-scan of O K edge 
(i) and Mn L2,3 edge ( j) of the LMR cathode charged to 4.8 V. k, 2D EELS mapping 
of Mn–L3/L2. The high value and low value coloured by red and navy blue 
correspond to lower and higher valance states of Mn, respectively.
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Interestingly, in addition to D2 and D1 rings, another weak diffraction 
ring (D3) is visualized at an even smaller angle at the start of discharge. 
This diffraction ring can be indexed to the (101) crystal plane of 
Li2Mn2O4, which is considered to be the phase formed by over-lithiation 
of spinel LixMn2O4. This observation implies that TM migration to Li 
layers occurs with oxygen release and the LixMn2O4 spinel-like phase 
forms during the first charge. The D3 diffraction ring only appeared 
in the first 10 min of discharge (versus a total of 10 h discharge time), 
which suggests Li2Mn2O4 is a kinetic-dependent intermediate phase. 
In this sense, we infer that LixMn2O4-like spinel domains probably con-
centrate on particle surfaces that are momentarily over-lithiated due 
to the high surface Li-ion concentration and poor Li diffusion of the 
surface when discharge initiates. As lithium ions gradually migrate 
to the bulk, the over-lithiated Li2Mn2O4 gradually change to LiMn2O4, 
for which the diffraction ring is very close to D1 and D2. Thus, the D3 
diffraction ring accordingly disappears with surface Li+ concentra-
tion equilibrium.

Concurrently, high-energy in situ and ex situ X-ray diffraction was 
conducted to investigate macroscopic structural evolution. Fig-
ure 3c and Extended Data Fig. 4a, b show a (003) peak shift towards 
lower diffraction angles before 4.45 V, which is associated with lat-
tice expansion induced by LiTMO2 domains. When charged to 4.45 V, 
obvious (003) peak broadening propagates, indicating that the con-
fined lattice expansion is released with decomposition of Li2MnO3 
domains. These statistical observations of structure evolution are 
consistent with the appearance of the second diffraction ring (D2) 
in the CMCD images. At the same time, the disappearance of the 
superlattice peak over 4.5 V suggests that TM migration must occur 
with oxygen release, and TM ordering is broken. This argument is 
further supported by ex situ extended X-ray absorption fine struc-
ture (EXAFS) and the fitting results. Extended Data Fig. 4c–e and 
Extended Data Table 2 show that the coordination number of Mn–O 
decreases, but that of Mn–TM increases accordingly, suggesting that 
lattice strain accumulation will trigger TM migration and oxygen 
release. More importantly, the broadening and weakening of a series 
of peaks are found to be mainly related to the c axis, such as (003), 
(104), (107) and (108) peaks (Fig. 3c and Extended Data Fig. 4a). The 
oriented peak broadening is due to more inhomogeneous lattice 
changes occurring mainly along the c axis during charge/discharge, 
which further confirmed that strain evolution stems from the het-
erogeneous nature of the LMR cathode.

Atomic observation of lattice displacement
Transmission electron microscopy (TEM), three-dimensional (3D) 
rotation electron diffraction (3D-rED) and electron energy loss spec-
troscopy (EELS) were performed on delithiated samples to investi-
gate lattice displacement and nanostructure evolution. As mentioned, 
inhomogeneous electrochemical activities and structure evolution 
result in nanoscale strain. At micro scales, strain is manifested as lat-
tice displacement, which can be captured by high-resolution TEM 
(HRTEM). Figure 4a–c and Extended Data Fig. 5 show that, although 
a layered structure is maintained at 4.47 V, obvious surface and bulk 
lattice displacements are present. Lattices in the marked areas are 
deformed significantly. These displacements occur predominantly on 
surfaces with constant lattice twists (Fig. 4c), which can be attributed 
to concentrated surface strain.

During stage 2, continuous delithiation is accompanied by oxygen 
release and Li2MnO3 domain activation. Identical observations were car-
ried out to track these changes after Li2MnO3 activation. Extended Data 
Fig. 6a–m shows that, besides lattice displacement, a phase transition 
from a layered structure to the spinel phase occurs in this stage (4.5 V). 
Lattice evolution at larger scales was investigated by 3D-rED in recipro-
cal space (Fig. 4d and Extended Data Fig. 7)42. Reconstructed discrete 
reciprocal lattices (Fig. 4e, f and Extended Data Fig. 8a, b) clearly show 
twisted reflections along the c axis, which could be attributed to the lat-
tice displacement observed in the HRTEM. Figure 4g and Extended Data 
Fig. 8c–g show selected area electron diffraction with a typical layered 
structure, weak Li2MnO3 reflections and a new reflection corresponding 
to the spinel lattice. This verifies that severe lattice strain triggers TM 
migration and structure transition from the layered phase to the spinel 
phase, which agrees with the structure evolution captured by CMCD.

TEM combined with EELS was used to precisely probe the structural 
and chemical variation of the fully delithiated sample (4.8 V). Figure 4h 
and Extended Data Fig. 9a, b confirm the structure transitions, espe-
cially on the particle surface. Clear reconstruction of surface layers with 
spinel and rock-salt phases provides direct evidence of TM migration 
and irreversible phase transition after oxygen release. The O K edge 
and Mn L2,3 EELS line profiles were stacked in Fig. 4i, j and Extended 
Data Fig. 9c from the bulk to surface. The O K edge pre-peak intensi-
ties decrease from the interior to the exterior, and almost disappear 
near the surface. The O K edge line scans that are parallel to the surface 
(Extended Data Fig. 9d) further confirm that oxygen release uniformly 
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which results in tensile strain at the nanoscale. The accumulated tensile strain 
severely affects the structural stability of the composite LMR cathode, which 
may trigger the decomposition of Li2MnO3 domains, oxygen release and 
transition metal (TM) migration. The activation of Li2MnO3 and oxygen release 
in turn release the lattice strain at high voltages.
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occurs in the whole particle surface as the O pre-peak disappears. It is 
notable that oxygen release predominately occurs near surfaces, where 
strain evolves most drastically during initial charge, verifying that 
strain accumulation is the root cause of oxygen release. Concurrently, 
Mn L edges shift to the left near surfaces (Fig. 4j). Two-dimensional 
(2D) EELS mapping further shows the chemical state change of Mn in 
the entire particle (Fig. 4k), where the surface reconstruction layer 
shows a lower Mn valence than the bulk, which suggests that the Mn 
oxidation state decreases with migration and oxygen release near the 
surface. These observations demonstrate how oxygen release and TM 
migration occur preferentially in regions where structures experience 
severe lattice strain.

A prospect for LMR cathode development
Although the fact that oxygen release or vacancies are generated 
extensively in the bulk, and aggravate structural/electrochemical 
degradation, has been recognized recently, the driving force remains 
unclear43–45. TM migration and irreversible phase transition also remain 
localized to surfaces in TEM observations, and unobservable in mac-
roscopic characterizations46–48. Therefore, it is questionable as to 
whether such local structural degradation can undermine the overall 
electrochemical behaviour. Here, our work details dynamic nanostruc-
ture evolution and local structure interaction that were previously 
unobservable. With multiscale characterizations and DFT calcula-
tion, lattice displacement/strain that are induced by non-equilibrium 
structural dynamics are found to be the driving force for voltage fade. 
Consequently, nanoscale strain evolution provides a plausible explana-
tion for the origin of oxygen release and TM migration, thus unifying 
previous theories for voltage fade.

The strain-induced structure degradation is detailed schematically 
in Fig. 5. Generally, different electrochemical reactivities but coherent 
lattice structures for two domains constitute a prerequisite for lattice 
strain. LiTMO2 activation increases local electrostatic repulsion with 
a tendency for lattice expansion. By contrast, due to the inactive  
O redox of Li2MnO3 domains, their lattice expansion is partly confined, 
resulting in severe nanoscale strain with lattice displacement. Lattice 
strain initiates from the particle surface, gradually extends into the bulk 
with continuous delithiation and peaks when LiTMO2 domains reach 
near-total delithiation. These extreme strains substantially destabilize 
structures, and trigger Li2MnO3 decomposition with oxygen release. 
When Li2MnO3 domains are activated, the imposed lattice expansion is 
naturally released and tensile strain relaxes synchronously. Similarly, 
oxygen release also significantly lowers TM migration energy barri-
ers, resulting in irreversible phase transition49. Such strain evolution 
would adversely accumulate on long-term cycling, and inevitably cause 
structural degradation and fast electrochemical decay.

Therefore, heterogeneous composite structures with different 
electrochemical activities are found to cause lattice strain in the LMR 
cathode. This explains why post treatments, such as surface engineer-
ing methods, are ineffective for voltage decay. To resolve this issue, 
practical solutions for these lattice strain challenges must address 
heterogeneous structures in the LMR cathodes and their differential 
electrochemical activities, which requires fundamental considera-
tion of composition design or local structure regulation. Altering the 
domain mesostructure in O3-type LMR cathodes has been challeng-
ing, so we attempted to eliminate composite domain structure with 
homogeneous atomic arrangement in O2-type LMR cathodes. Extended 
Data Fig. 10a, b shows an O2-type LixNi0.13Mn0.54Co0.13O2 cathode that 
eliminates the composite domain structure with homogeneous atomic 
arrangement. Notably, the differential electrochemical activities are 
effectively suppressed, as evidenced by the smooth charging behav-
iour with no differentiated voltage plateau (Extended Data Fig. 10c, d). 
Therefore, well-integrated electrochemical activities in the O2-based 
cathode eliminate the prerequisite for strain generation, inhibit oxygen 

release and achieve enhanced electrochemical performance with stable 
voltages. This proves that addressing lattice strain is essential to solve 
voltage fade, a long-standing issue. Other realistic strategies based 
on electrochemical reactivity are similarly promising. It is ideal if two 
redox reactions can be completely blended to realize cationic/anionic 
hybrid redox in the cathode across wide voltage ranges. This could not 
only eliminate inhomogeneous reactivity across two domains, but 
also access higher energy density, which potentially carries forward 
the practical application of anionic redox or cationic/anionic hybrid 
cathode materials.
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Methods

Materials synthesis
Li1.2Ni0.13Mn0.54Co0.13O2 used in this paper is one of the most representative 
compositions for Li- and Mn-rich layered oxides and has been frequently 
used as a model material for understanding mechanism. Synthesis of 
primary particles, rather than secondary particles, was purposely con-
trolled for minimizing interference from morphological factors. The 
primary particle cathode materials of Li1.2Ni0.13Mn0.54Co0.13O2 were syn-
thesized using a sol–gel method. In a typical synthesis, LiCH3COO·2H2O 
(Aladdin, 99%), Ni(CH3COO)2·4H2O (Aladdin, 99%), Co(CH3COO)2·4H2O 
(Aladdin, 99.5%), Mn(CH3COO)2·4H2O (Aladdin, 99%) and polyvinylpyr-
rolidone (Aladdin, K30) were mixed in a molar ratio of 9:1:1:4:30 and then 
dissolved in 100 ml deionized water. The resulting solution was dried at 
90 °C overnight under continuous stirring and then calcinated at 500 °C 
for 3 h. The obtained powder was thoroughly ground and mixed in a 
mortar and then calcinated at 900 °C for 12 h to obtain the final prod-
uct. Extended Data Fig. 1a–e shows a single-particle morphology with 
sizes ranging from 200 to 600 nm, which is an ideal size for the BCDI 
measurements. Data in Extended Data Fig. 1f confirm that the composi-
tion of the as-prepared sample was close to the designed composition.

The O2 phase-based LixNi0.13Mn0.54Co0.13O2 was synthesized using a 
sol–gel method followed by a low-temperature ion exchange method. 
NaCH3COO·3H2O (Aladdin, 99%), LiCH3COO·2H2O (Aladdin, 99%), 
Ni(CH3COO)2·4H2O (Aladdin, 99%), Mn(CH3COO)2·4H2O (Aladdin, 99%), 
Co(CH3COO)2·4H2O (Aladdin, 99%) and polyvinylpyrrolidone (Alad-
din, K30) were mixed in a molar ratio of 85:20:13:54:13:370 and then 
dissolved in 50 ml deionized water. The resulting solution was dried 
at 90 °C overnight and then calcinated at 500 °C for 3 h. The obtained 
powder was thoroughly ground and mixed in a mortar and then calci-
nated at 800 °C for 10 h to obtain the sodium-containing precursor, 
Na0.83Li0.2Ni0.13Co0.13Mn0.54O2. Note that 20% Li in this precursor mainly 
occupies the TM layers, and 83% Na occupies the Na layers. Finally, 
the precursor was subjected to ion exchange in eutectic LiNO3-LiCl at 
280 °C for 4 h to obtain Li0.83Li0.2Ni0.13Mn0.54Co0.13O2. To simplify, this 
can be written as Li1.03Ni0.13Mn0.54Co0.13O2.

Electrochemistry tests
For electrode preparation, active materials were mixed with car-
bon black (C45 Conductive Carbon Black, TIMCAL) and polyvi-
nylidene fluoride (PVDF, 8 wt% Solvay 5130 PVDF binder dissolved in 
N-methyl-2-pyrrolidone (NMP)) at 80:10:10 wt% ratios, followed by 
grinding the mixture in a mortar at 2,000 r.p.m. for 9 min (for 3 times 
3 min) in an air atmosphere. The slurry was coated onto 10 µm thick Al 
foil and then punched into round pieces with a diameter of 14 mm. The 
electrodes were dried at 80 °C under vacuum for 12 h to remove all traces 
of solvent. The 2032-type coin cells were used to prepare lithium metal 
cells. Celgard 2325 separators (25 µm), 1.2 M LiPF6 in ethylene carbonate/
ethyl methyl carbonate (EC/EMC) (3:7) electrolyte (GEN II with a water 
content below 20 ppm, 40 µl) and Li metal foil (MTI, 16 mm × 0.6 mm 
(diameter × thickness), high purity of 99.9%) were used. The half cells 
were then cycled between 2.0 and 4.8 V versus Li+/Li, using small 
amounts of powder (approximately 5.2 mg cm−2) as positive electrodes.

The GITT measurements were performed by periodically pulsing 
and relaxing the battery between 2.0 and 4.8 V using a NEWARE elec-
trochemical analyser with a 10 min pulse at 25 mA g−1 followed by 2 h 
relaxation for every step. The Li+ diffusion coefficient (DLi+) was calcu-
lated using equation (1):
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in which τ is the pulse time of 600 s, Rs is the particle equivalent radius 
of 200 nm, ΔEs is the steady-state voltage change and ΔEt is the total 
voltage change during the current pulse.

BCDI and coherent multiple crystal diffraction
Bragg coherent diffraction data were collected at the 34-ID-C beamline 
of the Advanced Photon Source (APS). For the coherent diffraction anal-
ysis shown in this manuscript, we used 11.2 and 9 keV monochromatic 
beams in two independent experiments. The coherent X-ray beam was 
focused using a pair of Kirkpatrick–Baez (KB) mirrors to approximately 
1 × 1 μm2 illuminating the LMR nanocrystals. The measurement was 
done on a 10 μm thick LMR electrode in transmission geometry. We used 
the same in situ coin cell set-up that was implemented in the previous 
experiments, with a window opening of 1 mm (ref. 39). The coin cell was 
mounted vertically on a coin cell holder with the LMR electrode located 
downstream to minimize the absorption of the diffracted X-rays. The 
particle morphology of the LMR particles was examined with scan-
ning electron microscopy (SEM), indicating 200−600 nm sized LMR 
particles (Extended Data Fig. 1). From the fringe spacing in the diffrac-
tion patterns, we estimated that the measured LMR nanoparticle size 
is approximately 600 nm. These 3D diffraction patterns of the [003] 
reflection were analysed using a combination of the error reduction 
and the hybrid input/output algorithms to reconstruct the 3D structure 
and the lattice displacement along the momentum transfer direction, 
which is the particle c axis here.

CMCD patterns were acquired using a Timepix photon-counting 
detector mounted D = 1,950 mm away from the sample. We obtained 
full rocking curves around the (003) Bragg reflection and collected 2D 
CMCD patterns using a 2D detector at 2θ angles of 18.6° (Δθ = ± 0.15°), 
respectively. Although the full sensor of the detector has 512 × 512 
pixels with a pixel size of 55 m × 55 m, the coherent diffraction patterns 
were collected utilizing just the first quadrant sensor, which had fewer 
bad pixels. Automatic background subtraction was implemented 
within the detector39. We collected 22 sets of CMCD patterns and each 
set included 302 CMCD patterns by rocking the sample in 0.0025° 
steps around the Bragg peak while we were cycling the coin cell at 
the C/10 current rate (the C/10 rate is the current value discharge 
of a battery in 20 h). Between consecutive scans, we optimized the 
sample position on a piezo scanning stage, to maintain the Bragg 
condition and avoid sample misalignment. The coin cell was cycled 
using an eight-channel MACCOR battery cycler while the series of 
measurements progressed.

Synchrotron X-ray diffraction and absorption spectroscopy 
measurements
Powder diffraction data of the cathode materials were collected using 
high-energy X-ray diffraction (HEXRD) located at sector 11-ID-C of 
the APS at Argonne National Laboratory. A high-energy X-ray with a 
beam size of 0.2 mm × 0.2 mm and wavelength of 0.1173 Å was used 
to obtain two-dimensional (2D) diffraction patterns in the transmis-
sion geometry. X-ray patterns were recorded with a PerkinElmer 
large-area detector placed at 1,800 mm from the samples. Rietveld 
refinement of the collected HEXRD patterns was carried out using the 
GSAS package. Ex situ HEXRD measurements were performed at the 
same beamline. The electrodes were dissembled from the coin cells 
charged or discharged to different potentials. With high penetration 
and low absorption, synchrotron HEXRD precisely reflects bulk sample 
structure properties, which is beneficial when observing tiny phase 
changes that are usually invisible in laboratory-scale X-ray diffraction 
due to poor background noise. To avoid peak interference from the Al 
current collector, a freestanding LMR electrode was prepared from a 
mixture of LMR powder, carbon black and polytetrafluoroethylene at 
80:10:10 wt% ratios.

X-ray absorption near-edge structure and EXAFS for Mn K edge were 
performed at the APS on the bending-magnet beamline 9-BM-B. X-ray 
photon energy was monochromatized by an Si (111) double-crystal 
monochromator. Higher order harmonic contaminations were elimi-
nated by detuning the monochromator to reduce the incident X-ray 
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intensity by approximately 30%. All spectra were collected at room 
temperature in the transmission mode.

DFT calculation
All calculations were performed based on DFT using the plane-wave 
projector-augmented wave method, as implemented in the Vienna 
ab initio simulation package. The Perdew−Burke−Ernzerhof (PBE) 
exchange-correlation functional was used and the Hubbard U cor-
rections (PBE+U) were taken into account, with the effective U of Mn 
(4.2 eV) adopted from previous studies. A kinetic energy cut-off of 
520 eV and a k-point mesh of 11 × 11 × 11 were used. Spin polarization 
was considered for all calculations. Structures were relaxed until a 
force tolerance of 0.01 eV Å−1 was reached. The formation energy (E f) 
of oxygen vacancy was obtained using the following formula:

E E E μ[V ] = [V ] – [P] +f
O total O total O

where Etotal[VO] and Etotal[P] are the total energies of the supercells 
with and without an oxygen vacancy, respectively. μO is the chemical 
potential of oxygen, for which we used the gas phase O2 molecule as 
the reference. An energy correction of 0.68 eV per atom was applied 
to compensate the overbinding of O2 in DFT calculations.

Gas evolution analysis
DEMS was applied to detect and identify gas evolution of different 
cathode materials during first charge/discharge. The DEMS was built 
based on a purchased mass spectrometer (HPR-40, Hiden Analytical). 
A home-made cell with glass fibre separators and 1.2 M LiPF6 in EC/EMC 
(3:7) electrolyte (GEN II) was used for in situ measurements. To increase 
the gas detection accuracy, we adopted the method of intermittent gas 
intake and used a certain degree of vacuum to ensure that the gener-
ated gas was completely ingested. The generated gas was collected in 
the cell for 60 min before being ingested into the mass spectrometer.  
In addition, to prevent O2 from reacting with Li metal, we assembled full 
cells using graphite as the anode electrode in our DEMS experiments. 
The cells were then cycled at a current rate of C/10 between 2.0 and 
4.8 V versus Li+/Li, using small amounts of powders (approximately 
8 mg) as positive electrodes.

TEM measurement
TEM and HRTEM were conducted using the Argonne chromatic 
aberration-corrected TEM (ACAT) (a FEI Titan 80–300ST with an image 

aberration corrector to compensate for both spherical and chromatic 
aberrations) at an accelerating voltage of 200 kV. The 3D-rED datasets 
were acquired by stepwise tilting the sample with a collection angle of 
−40° to 40°. The tilt step was 2°. The reciprocal lattice pattern was then 
reconstructed using a Python script and the RED processing software 
package developed by Wan et al.50. The script can be downloaded from 
https://github.com/danielzt12/EDiff_3D_projection/.

Data availability
The data that support the findings of this study are available from the 
corresponding authors upon request.
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Extended Data Fig. 1 | The morphology, particle distribution, surface area 
and composition of the LMR cathode. a, b The SEM image of the LMR powder. 
The particle size ranges from 200–600 nm. c The particle size distribution of 
the as-prepared LMR cathode. The mean particle size of LMR cathode is around 
583 nm. d The nitrogen adsorption/desorption isotherm of LMR. e The 

corresponding BET plot of LMR. The nitrogen adsorption/desorption isotherm 
and the corresponding BET plot of the as-prepared LMR cathode indicate that 
its specific surface area is calculated to be 2.804 m2 g−1. f SEM-EDS results of the 
pristine LMR cathode. The actual chemical composition complies well with the 
design (Mn : Co : Ni = 4 : 1 : 1).
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Extended Data Fig. 2 | The electrochemical properties of the LMR cathode. 
a, b The first charge/discharge curve and corresponding dQ/dV curve of LMR 
cathode. The first charge profile exhibits two distinct electrochemical stages 
at different voltage ranges. Stage 1 corresponds to the Li+ extraction 
(de-lithiation) from LiTMO2 domains with concomitant oxidation of Ni2+ and 
Co3+. Stage 2 corresponds to the activation of Li2MnO3 domains, further Li+ 

extraction and at this stage oxygen is oxidized (at high potentials) to per-oxo 
species: (2O2− ↔ [O2]2− + 2e−). c, d The galvanostatic intermittent titration 
technique (GITT) test of the first charge. The Li-ion diffusion coefficient keeps 
stable in stage 1 but dramatically decreases after the activation of Li2MnO3 
domains (stage 2).



Extended Data Fig. 3 | The morphology, particle distribution, surface area 
and in situ DEMS of the Li2MnO3 cathode. a The SEM image of the as-prepared 
Li2MnO3 powder. The as-prepared Li2MnO3 exhibits a single-particle 
morphology with average particle size of 100–200 nm. b The nitrogen 
adsorption/desorption isotherm of the as-prepared Li2MnO3 powder. c The 

corresponding BET plot of the as-prepared Li2MnO3 powder. The specific 
surface area of Li2MnO3 is calculated to be 3.1106 m2 g−1. d The particle size 
distribution of the as-prepared Li2MnO3 powder. e In situ DEMS for the first 
charge of Li2MnO3. The signal of O2 evolution is not detected until 20% 
delithiation of Li2MnO3.



Article

Extended Data Fig. 4 | The ex situ and in situ XRD and ex situ XAS of the LMR 
cathode. a The ex situ XRD patterns of the first charge/discharge for the LMR 
cathode. The superlattice evolution of the LMR cathode can be observed in the 
2 theta range of 1.5–1.8°. The obvious lattice parameter changes can be 
observed from ex situ XRD pattern, particularly in the 2 theta range of 3.0–6.0°. 
b The in situ XRD patterns of the as-prepared LMR cathode during the first 
charge/discharge in the voltage range of 2.0–4.8 V using a current rate of C/10 

(1C = 250 mA g-1). The obvious lattice parameter changes can be observed from 
in situ XRD patterns, particularly in the 2 theta range of 1.3–1.5°. Generally, the 
structure evolution observed in in situ XRD is completely consistent with that 
in ex situ XRD (Figure 3c). c-e Ex situ Mn K-edge EXAFS spectra of the samples at 
pristine, 4.5V and 4.8V and the corresponding fitting results. Detailed fitting 
results are shown in Extended Data Table 2.



Extended Data Fig. 5 | Visible lattice displacement observations using TEM of the LMR charged to 4.47 V. High magnification TEM image of the LMR charged 
to 4.47 V. Although the layered structure is maintained, lattices in the marked areas are deformed significantly.
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Extended Data Fig. 6 | Visible structural observations of the LMR charged 
to 4.5 V. a High magnification TEM image of the LMR charged to 4.5 V. b The 
enlarged image of the selected area in Extended Data Fig. 6a. c The 
corresponding Fourier pattern of the select area of Extended Data Fig. 6a.  
d, e, f and g The simulated patterns of standard electron diffractions for layer 
[210], spinel [112], and Li2MnO3 [100]/[110]. h, i and j TEM images of the LMR 

cathode charged to 4.5 V. The lattice displacements are highlighted with yellow 
marks. k, l and m The corresponding FFT images of Extended Data Fig. 6h, i and 
j. Obvious lattice displacements are observed in the different particles and the 
corresponding FFT images confirm the existence of spinel phase at 4.5 V, which 
is highly consistent with Fig. 4g results.



Extended Data Fig. 7 | The SAED images captured at different rotation angles from −40 to 36º. These SAED images in Extended Data Fig. 7 are used for 3D-rED 
reconstruction present in Fig. 4e–f.
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Extended Data Fig. 8 | Lattice displacement and structure changes 
observed from 3D-rED and SAED. a, b The reciprocal lattice viewed along the 
a* axis of the LMR cathode at 4.5 V. c The selected area electron diffraction 
(SAED) image of the sample charged to 4.5 V. In addition to the typical layered 

structure and weak Li2MnO3 reflection, the reflection that corresponds  
to the spinel lattice can be also observed. d, e, f and g The simulated patterns  
of standard electron diffractions for Layer [210], spinel [112], and Li2MnO3 
[100]/[110].



Extended Data Fig. 9 | Visible structural observations and chemical state 
changes of the LMR charged to 4.8 V. a, b Low and High magnification TEM 
image of the LMR charged to 4.8 V. A clear reconstruction surface layer with the 
spinel phase can be visualized. c Electron energy loss spectroscopy line scans 
of the O K-edge, Mn L-edge, Co & Ni L-edge for the LMR charged to 4.8 V along the 
direction from surface to bulk. The intensity of O-K edge pre-peaks 

substantially reduces from the interior to the exterior and almost disappears 
near the surface. Concurrently, Mn L-edge shows left shift near the surface.  
d Electron energy loss spectroscopy line scans of the O K-edge, Mn L-edge,  
Co & Ni L-edge for the LMR charged to 4.8 V along the surface fringe. The O-K 
line-scan parallel to the surface confirms that the oxygen release uniformly 
occurs in the entire particle surface as the disappeared O pre-peak.
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Extended Data Fig. 10 | Structure and electrochemical properties of O2 
phase-based LMR. a The XRD pattern of as-prepared LixNi0.13Mn0.54Co0.13O2. 
The diffraction peaks belonging to an O2 phase with P63mc symmetry are 
indexed by blue marks, while some tiny peaks belonging to O3 phase with R-3m 
symmetry are indexed by red marks. b High-resolution TEM image showing the 
atomic arrangements of O2 phase LMR. The Li2MnO3-like domain is rarely 
observed in the O2-type LMR, which suggests that the Li@Mn6 structural 
motifs in the O2 type LMR cathode are dispersed in the TM layer instead of 

being aggregated to form a Li2MnO3-like domain. c The charge/discharge 
profiles of O2 phase-based LMR cathode. The cells were activated at C/10 
within first 3 cycles and then cycled at C/3. The smooth charging behaviour 
with no apparently differentiated voltage plateaus indicates effectively 
suppressed differential electrochemical activities. d The voltage stability of 
the O2 type LMR cathode during cycles presents in the plot of average (mean) 
voltage profiles vs cycle number.



Extended Data Table 1 | Lattice parameters obtained by the two-phase structure model refinement of pristine LMR cathode

The XRD pattern of the LMR cathode is refined using the two-phase model, which consists of both rhombohedral R3 ̅m and monoclinic C2/m phases that are present in LMR cathodes.
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Extended Data Table 2 | Structural parameters of the samples obtained by fitting the EXAFS data

There are the average coordination number (CN), path distance (R), Debye-Waller factor (σ2), threshold energy correction (∆E), and the R-Factor of the fitting.
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