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A B S T R A C T

Stable lattice oxygen redox (l-OR) is the key enabler for achieving attainable high energy density in Li-rich layered
oxide cathode materials for Li-ion batteries. However, the unique local structure response to oxygen redox in these
materials, resulting in energy inefficiency and hysteresis, still remains elusive, preventing their potential appli-
cations. By combining the state-of-the-art neutron pair distribution function with crystal orbital overlap analysis,
we directly observe the distinct local structure adaption originated from the potential O–O chemical bonds. The
structure adaptability is optimized based on the nature of multi transition metals in our model compound
Li1.2Ni0.13Mn0.54Co0.13O2, which accommodates the oxygen redox and at the same time preserves the global
layered structure. These findings not only advance the understanding of l-OR, but also provide new perspectives
in the rational design of high-energy-density cathode materials with reversible and stable l-OR.
1. Introduction

Rechargeable lithium-ion batteries have promoted the development
of (micro)electronics and are being considered as the technology of
choice for large-scale energy storage fields, such as electric vehicles,
smart grid. Intercalation-based layered transition metal (TM) oxides
(e.g., LiCoO2, LiNixMnyCo1-x-yO2) is a typical cathode material whose
electrochemical reactivity mainly based on the (de)intercalation of Liþ

ions (from)into the crystal lattice [1–5]. Simultaneously, a redox reaction
in terms of the electron transfer occurs on TM ions to maintain the charge
neutrality (i.e., charge compensation). The attainable specific capacity is
thus limited by either the number of Liþ ions existed in the cathode or the
number of electrons that can be transferred from TM ions, and is closely
correlated with the stability (or reversibility) of the layered structure.
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The ascension of the Li-rich layered oxide (LRLO) cathode materials
breaks this capacity limitation [6–8]. In this class of materials, other than
the cationic (TM ions) redox, the extra charge compensation can be
further provided by the lattice oxygen redox (l-OR) to achieve the ul-
trahigh capacity [9–17]. Unfortunately, the irreversible l-OR (e.g., O2
release) usually cause inferior electrochemical behaviors (e.g., voltage
fade and voltage hysteresis), which retards the practical application of
LRLO materials [18,19]. Accordingly, researches have been conducted to
understand and promote the l-OR reversibility. The results from both
experiment and theory calculation have suggested that the covalency of
TM-O has a strong impact on the reversibility of l-OR [10,11,20]. It was
also indicated that there is a closely association between the l-OR sta-
bility and structure transformation reversibility [21]. In the meantime,
peroxo-like O–O dimer [11] and isolated oxygen electron holes [9] were
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proposed, respectively, to successfully stabilize the l-OR in the corre-
sponding models. Additionally, strategies including surface modification,
heteroatomic doping, etc. have been shown effective in advancing the
stable l-OR [19,22–25]. However, to date, how to rational design/tailor
LRLO materials to accommodate the l-OR and thus achieve its stable
operation remains ambiguous.

To approach this issue, it is crucial to clarify the electronic and crystal
structure response of LRLO materials to the l-OR. Localized structure
evolution is challenging to be experimentally proved and quantified.
Because it demands advanced characterization tools with both short-
range sensitivity and global statistics. To detect both the local and
average structure throughout the l-OR process, neutron pair distribution
function (nPDF) analysis, capable of emphasizing the oxygen atomic
scattering, was employed in this work. Li- and Mn-rich
Li1.2Ni0.13Mn0.54Co0.13O2 (LMR-NMC) was selected as the model com-
pound considering the practical-application potential of 3d-TM-based
LRLO materials. A local structure distortion (shrink of the O–O pair
distance) accompanied with the l-OR was for the first time directly
observed using nPDF in 3d-TM-based LRLO materials. It was found that
this localized distorted oxygen lattice accommodates the l-OR preserving
the global layered structure, which, in turn, promotes the reversibility
and stability of the l-OR. Furthermore, crystal orbital overlap populations
(COOPs) calculation was introduced as bonding descriptor for explaining
local structure adaption. It was also found that the adaptability of oxygen
lattice is highly dependent on the TM species (i.e., covalency of the TM-O
bond). Based on these understandings, it was proposed that multi TM
ions can be combined to achieve both the stable structure and reversible
l-OR in LRLO materials.

2. Experimental section

2.1. Sample preparation

Li1.2Mn0.54Ni0.13Co0.13O2 compound was prepared by a conventional
solid-state reaction using stoichiometric lithium carbonate (5% excess of
lithium) and the metal hydroxide with Mn: Ni: Co of 0.54: 0.13: 0.13 in
mole ratio. The mixture was firstly calcinated at 450 �C for 5 h, then
calcinated at 850 �C for 12 h in air and cooled naturally.

2.2. Laboratory X-ray diffraction and scanning electron microscopy

Powder X-ray diffraction (XRD, D8 Bruker) using Cu-Kα radiation
(λ¼ 1.5405 Å) was employed to identify the crystalline phase of the
synthesized materials. XRD data were collected in the scan range (2θ) of
10–90�. The particle size and morphology were measured by scanning
electron microscopy (SEM, Hitachi-S4800) with an accelerating voltage
of 10 kV.

2.3. Neutron total scattering

Neutron total scattering data were collected at the NOMAD beamline
at the Spallation Neutron Source (SNS) at Oak Ridge National Laboratory
(ORNL). About 0.1–0.2 g powder samples (carbon, pristine sample with/
without carbon, samples charged to 4.4 V, charged to 4.8 V and dis-
charged to 2.5 V) were loaded into 3mm quartz capillaries and sealed
using epoxy in a He filled glove box. Two 1 h scans were collected for
each powder sample and they were summed together to improve the
statistics. The obtained diffraction data were normalized against a va-
nadium rod, the background was subtracted, and the total scattering
structure factor S(Q) data after subtract the carbon background were
transformed to the reduced pair distribution function data G(r) using the
specific IDL codes developed for the NOMAD instrument [26]. The Q
range used for the Fourier transfer is 0.2 Å�1 to 28 Å�1 for the sample
charged to 4.8 V and 0.2 Å�1 to 30 Å�1 for the rest. For Bragg diffraction
data, the conversion from time-of-flight to d-spacing was done using 2nd
2

order polynomial parameters (TOF¼ d0 þ dfc*d þ dfa*d2) calibrated
from a NIST Si 640e standard sample. During the refinement, d0 and dfc
were fixed to the values refined from Si standard while dfa was allowed
to vary to account for the sample displacement. The diffraction peak
shapes were primarily modeled using a pseudo-Voigt function, with an
additional convolution to model the moderator related peak shape for
TOF neutron diffraction data. For PDF data, small box (unit-cell based)
refinements were carried out in the TOPAS software (version 6) [27]. The
instrumental parameters Qdamp and Qbroad were set to be 0.022 Å�1 and
0.026 Å�2 based on the refinement of a standard Si sample [28].

2.4. Hard X-ray absorption spectroscopy (hXAS)

Mn, Co, Ni K-edge hard X-ray absorption spectroscopy (XAS) spectra
were collected in transmission mode at beamline 14BLW1 of Shanghai
Synchrotron Radiation Facility (SSRL, China). The X-ray absorption near
edge structure (XANES) spectra were processed using the Athena soft-
ware package (spectra normalization and background subtraction by
AUTOBK algorithm).

2.5. Soft X-ray absorption spectroscopy (sXAS) and resonant inelastic X-
ray scattering (RIXS)

The total electron yield (TEY) & total fluorescence yield (TFY) XAS
spectra and X-ray RIXS maps were collected in the newly commissioned
ultra-high efficiency iRIXS end station at Beamline 8.0.1 of the ALS [29].
Before measurements, all samples were processed in glove box with high
purity Ar environment. Then a specially designed sample transfer kit was
used to transfer the mounted samples into the experimental vacuum
chamber, avoiding any airexposure [30]. Radiation damage was moni-
tored by multiple scans of XAS and was considered negligible for these
samples. The electrode sample surfaces were mounted at 45� to the
incident X-ray beam, while outgoing photon direction along the RIXS
spectrograph is 90�. More technical details about RIXS measurements are
suggested to refer to the corresponding literatures [31].

2.6. Electrochemical tests

The electrochemical characterizations were performed using CR2025
coin cells. To prepare the positive electrode, the active material was
mixed with 10% of carbon black and 10% of polyvinylidene fluoride
(PVDF) in N-methyl pyrrolidinone (NMP) solvent until slurry was ob-
tained. The blended slurries were pasted onto an aluminum current
collector, followed by cutting to 8mm in diameter and drying at 120 �C
in vacuum for 10 h. The test cell consisted of the positive electrode and
lithium foil negative electrode separated by a porous polypropylene film,
and 1mol/L LiPF6 in ethylene (EC) and dimethyl carbonate (DMC) (1:1
in volume) as the electrolyte. The charge and discharge tests were carried
out using a Land CT2001A battery test system (Wuhan, PR China) in a
voltage range of 2.0–4.8 V at the current density of 20mA/g at temper-
ature of 25 �C.

2.7. Calculation methods

First-principles calculations were performed in the spin polarized
GGA þ U approximations to the Density Functional Theory (DFT) as
implemented in the Vienna ab initio simulation package [32]. The
Hubbard U correction was introduced to describe the effect of localized
d electrons of the transition-metal ions. The same effective U value as
applied in our previous report was introduced to describe the effect of
localized d electrons of the transition-metal ions [33]. The Brillouin zone
was sampled with a dense k-points mesh by Gamma packing. A model
supercell was used containing 14 Li (2 within the transition metal layer),
3 Ni, 7 Mn and 24 O, corresponding to a stoichiometry of Li
[Li2/12Ni3/12Mn7/12]O2. Specific lithium concentration Li14/14, Li10/14,
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Li4/14, and Li2/14 were selected to represent pristine, 4.4 V, 4.5 V, 4.8 V
state of charge, respectively. To obtain the ground state for different
lithium vacancies configurations, the atomic positions and cell parame-
ters were fully relaxed. The TM oxidation state is inferred from the
calculated magnetization result.

The crystal overlap population scheme of the LOBSTER method
(version 2.2.1) was employed to study bonding and chemical interaction
properties [34]. The pbeVaspFit2015 basis set was used for the Li, Ni,
Mn, and O atoms [35]. The basic functions (localized orbitals) employed
in the reconstruction of the PAWwave functions are the following: Li: 1s,
2s; Ni: 4s, 3p, 3d; Mn: 4s, 3p, 3d; O: 2s, 2p. The “completeness” of the
above basis functions in representing the valence electronic configura-
tion of the POTCAR files used in the VASP calculations was verified with
a small absolute charge spilling value of 0.56%–0.83%. In order to match
the number of bands in the VASP calculations with the number of orbitals
used in the LOBSTER projection scheme, the VASP input parameter
NBANDS was set to 216 for all model systems [36]. Symmetry was
switched off (ISYM¼�1) for all VASP calculations. Crystal orbital
overlap population (COOP) is very powerful in understanding chemical
bonding by showing the bonding (COOP>0), and antibonding
(COOP<0) character of each studied chemical bonds [37]. The COOP
was calculated for several interactions within the bulk material: Ni–O,
Mn–O, and O–O inter-planar and intra-planar interactions. For the O–O
COOP interactions, significant changes in bonding take place upon
de-lithiation within the energy range of �0.5 eV–1.5 eV (relative to the
Fermi level). In order to examine and visualize the changes in O–O
bonding properties upon delithiation, we applied the PARCHGmethod to
calculate the partial (band decomposed) charge density within the
�0.5 eV–1.5 eV energy window.
Fig. 1. Electrochemical performance and crystal structure analysis for the pristi
(b) Crystal structure for the pristine LMR-NMC, short-range honeycomb ordered struc
pair distances with corresponding PDF peaks labeled in (d). (c, d) Refinement result
inset table shows the comparison of refined composition and nominal composition.
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2.8. Summary of literature

In order to understand the effect of various TM ions contents on the
initial Coulombic efficiency and the initial charge capacity provided by
the lattice oxygen redox in LRLO materials, the electrochemical perfor-
mance of some typical literatures is compared and summarized. For the
selected Li[Li(2x-1)MnxNi(2-3x)]O2 materials [38–41], the atomic ratio
between high-valence cations (i.e., Mn4þ) and low-valence cations (i.e.,
Ni2þ and Liþ) on the TM layer is not very suitable for the formation of
perfect local honeycomb structure. For the selected Li[Li(x-1/3)Mnx(Ni-
Co)(2/3-x)]O2 materials [42–47], the atomic ratio between high-valence
cations (i.e., Mn4þ and Co3þ) and low-valence cations (i.e., Ni2þ and
Liþ) on the TM layer is 2:1, which is favorable for the formation of perfect
local honeycomb structure.

3. Results

3.1. Electrochemistry and pristine structure

The as-prepared LMR-NMC model compound is found to be a pure
phase with spherical-shaped particles (Fig. S1). As shown in Fig. 1a, upon
the initial charging process, a high capacity of ~320mA h/g is obtained,
equivalent to 1.02 Li extraction (1.02 charge transfer). Then an excellent
reversible capacity of ~288mA h/g is achieved upon the subsequent
charge-discharge process, corresponding to 0.92 Li re-insertion (0.92
charge transfer). This sufficient extraction and re-insertion of Li can bring
as much charge transfer as possible which is achieved by the cumulative
redox of TM and lattice oxygen. Since the capacity provided by the
charge compensation of TM is limited (the maximum amount is 0.39 e�),
ne LMR-NMC. (a) Charge-discharge curves (5 cycles) for LMR-NMC at 20mA/g.
ture of cations in the ab-plane and the schematic of interlayer and intralayer O–O
s using neutron Bragg diffraction data (2θ¼ 31� bank) (c) and neutron PDF (d),
Refer to Fig. S2 and Tables S1–3 for more details.
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the rest of the charge compensation (0.63 e�) is attributed to the l-OR. In
this regard, the selected LMR-NMC model in this research is ideal for the
study of the l-OR mechanism in detail.

It was previously reported that cations are not randomly distributed
in the TM layer of this compound [48]. The cations with higher oxidation
states (Mn4þand Co3þ) prefer to be surrounded by lower valence cations
(Ni2þ and Liþ) to minimize the electrostatic energy. Therefore, consid-
ering the atomic ratio of 1:2 between the lower-valence cations and the
higher-valence cations on TM layers, it is very likely that they will form
(in the ab-plane) short-range honeycomb ordering (Fig. 1b). This
assessment is confirmed by the excellent fit of local PDF (1–6 Å) using the
honeycomb ordered model (S.G. C2/m, Fig. 1d and Table S1). The
saw-tooth-like diffuse scattering peak (or Warren peak) between 20� and
30� (2θ) in the XRD pattern (Fig. S1) indicates the presence of stacking
faults of honeycomb-ordered layers along the c-axis, a common phe-
nomenon for this type of material. This is also in good agreement with the
different cation occupancies refined from neutron Bragg diffraction data
(long-range structure) or intermediate range (6–40 Å) neutron PDF data
relative to those refined from local nPDF data (short-range structure), as
can be seen in the inset of Fig. 1c, d, Fig. S2 and Tables S1–3. The cation
occupancies refined from local PDF (1–6 Å) are consistent with the
nominal composition (Li[Li0.2Ni0.13Mn0.54Co0.13]O2) while the values
refined from Bragg diffraction data and intermediate range PDF varies
substantially, indicating that honeycomb ordered TM layers are not
perfectly ordered along the c-axis direction. Two drastically different TM
interlayer O–O pair distances are refined from local nPDF data, one with
the shorter distance around 2.50–2.60 Å, and the other with the longer
distance around 2.70–2.75 Å, as can be seen in Fig. 1b, d.
3.2. Charge compensation mechanism

The charge compensation process in the LMR-NMC oxide upon
cycling is investigated using joint hard and soft X-ray absorption spec-
troscopy (XAS). As shown in Fig. 2b, the evolution results of Ni, Co and
Fig. 2. Evolution of the TM K-edge, O K-edge XAS and RIXS upon the electroche
edge, Co K-edge, and Mn K-edge XANES spectra at different electrochemical states ind
at different electrochemical states indicated in (a). (d) RIXS maps of the LMR-NMC at
emission signature at oxidation state indicated by the white arrow supports an e
more details.

4

Mn K-edge XANES spectra upon the first cycling process are consistent
with previous reports [13]. Specifically, during the charging process
before 4.4 V, the charge compensation in the LMR-NMC is mainly pro-
vided by the oxidation of Ni and Co; During the subsequent charging
process to 4.8 V, the charge compensation is mainly provided by the
oxidation of lattice oxygen to balance the extra extracted Li. Fig. 2c
displays the significantly changed O K-edge pre-edge of a series of elec-
trodes at different electrochemical states. The intensity of the pre-edge
features between 527 and 535 eV increases upon charging, which has
been used as an indication of oxygen redox in previous works. However,
it has been clarified that the O–K pre-edge intensity increase is due to the
enhanced TM 3d-O 2p hybridization from the high-valence TMs upon
charging [49], which is observed for almost all battery cathodes
including LiFePO4 with no oxygen redox [50]. Nonetheless, our data
indicate that there is likely a new feature emerging around 531 eV at the
fully charged state (orange spectrum in Fig. 2c), which matches the ab-
sorption energy of oxidized oxygen species [51].

In order to clarify and confirm the l-OR mechanism, we employ the
full energy range mapping of resonant inelastic X-ray scattering (mRIXS)
of the O–K edge. Technically, mRIXS could further resolve the single data
spot of XAS into an intensity distribution plot upon the emission energy
of the fluorescence photons. This allows us to distinguish the oxygen
redox signals from other dominating contributions through a character-
istic mRIXS feature at 523.5 eV emission energy (white arrow in Fig. 2d)
[24,49]. As shown in Fig. 2d, both charged and discharged electrodes
display broad mRIXS features along 525 eV emission energies. These
features are typical O2� features of TM oxides from the TM 3d-O 2p
hybridizations (below 535 eV excitation energy) and TM-4sp involved O
2p bands. Notably, other than the 525 eV emission energy mRIXS fea-
tures in the charged state, a clear feature at 523.5 eV emerges at the
4.8 V-charged state. This feature (523.5 eV emission energy) fingerprints
the oxidized oxygen that manifests itself exclusively from sub-surface
oxygen [52] and only if there is the l-OR involved in electrodes [53],
thus providing the ultimate verification of the l-OR activity in our model
mical cycling process. (a) The first cycle curve for LMR-NMC. (b) Ex situ Ni K-
icated in (a). (c) Ex situ sXAS spectra (Fluorescence yield mode) of the LMR-NMC
the 4.8 V-charged and 2.0 V-discharged states during the first cycle. The unique
lectronic restructuring associated with O redox. Refer to Figs. S3 and 4 for
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compound.

3.3. Local and average structure evolution associated with the l-OR

Ex situ nPDF results collected at different charge-discharge states are
shown in Fig. 3c. It can be seen from the PDF pattern that the location and
intensity of the shoulder at the left of the main O–O peak (corresponding
to short O–O pairs) located at about 2.55 Å changes slightly until the
LMR-NMC is charged to 4.4 V. This indicates the local oxygen environ-
ment is mostly maintained during TM redox process. Notably, a drastic
increase of this shoulder peak intensity is observed when the LMR-NMC
is charged from 4.4 V to 4.8 V. For a specific atomic pair, the relative
intensity of the PDF peak is associated with the abundance of these pairs.
Therefore, the dramatic increase in the intensity of the PDF peak at
2.30–2.60 Å manifests the formation of large amounts of short O–O pairs
(or distorted oxygen lattice).

According to the ex situ XAS and RIXS results, Ni and Co ions mainly
participate in the charge-compensation during the charging process from
Fig. 3. Evolution of the local and average crystal structure of LMR-NMC upon
intermediate-range (right panel) neutron PDF at 4.8 V charged state. (b) Schematic o
the ex situ nPDF results of LMR-NMC collected at different charge-discharged stat
octahedra in local (d) and average (e) structure during the first cycle. The percentage o
~2.6 Å and the number of O–O pairs distance less than ~3.0 Å. More details can be
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the pristine state to the 4.4 V charged state while lattice oxygen ions
dominate the charge compensation during the subsequent charging
process from 4.4 V to 4.8 V. The asymmetrical variation of the local PDF
peak located at around 2.0 Å upon cycling also agrees well with the above
charging compensation process (Fig. 3c). The increased number of the
short O–O pair (<2.60 Å) is thus not caused by the oxidation of TM ions,
but directly correlated with the charge-compensation of the l-OR. This
observation is further supported by quantitative structure refinement
using local nPDF. The percentage variation in the amounts of short O–O
pairs at different electrochemical states in the local and average structure
is shown in Fig. 3d and e, respectively. Notably, the change of short O–O
pairs cannot be detected accurately by quantitatively analyzing the
average structure using Bragg diffraction data (Fig. 3e), indicating the l-
OR is likely to be a local or short-range phenomenon. This also explains
why this phenomenon has evaded previous detection by more typical
diffraction techniques (e.g., X-ray or neutron Bragg diffraction). Upon the
discharging process, the increased short O–O pairs disappear (Fig. 3d),
meaning that the local structure adaption (or distortion) accompanying
the initial cycling process. (a) Refinement results using local (left panel) and
f interlayer and intralayer O–O distance in the TM octahedra. (c) Comparison of
es. (d, e) The variation in percentage of short O–O pairs and distorted TMO6

f short O–O pairs is the ratio between the number of O–O pairs distance less than
found in Figs. S5–14, Supplementary Tables S4–12.
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the l-OR is reversible.
In addition, it is worth noting that although there is an obvious local

structure distortion upon the l-OR process, the global layered structure of
the LMR-NMC compound is well preserved, which, in turn, is favorable
for the stable and reversible l-OR (Fig. 3c). Meanwhile, it is found that
only the interlayer O–O distance is decreased while the intralayer O–O
distance is well maintained during the l-OR process (Figs. S12–14),
suggesting that the structural response to the l-OR activity is highly se-
lective. The origin of this selective structural response and stable/
reversible lattice structure evolution upon the l-OR is discussed in the
following section.

4. Discussion

4.1. Origin of the stable and reversible l-OR

The Li–O–Li configuration model with unhybridized O 2p state
(Figs. S16 and 17) proposed by Ceder et al. successfully explained the
observed l-OR activity in a variety of LRLO materials [10]. However,
there are still a few puzzling questions regarding the l-OR behavior
including the selective (non-random) decrease of O–O distance in the
oxidized (delithiated) materials observed in this work and elsewhere
(e.g., Li2IrO3 [11], P3-type Na0.6Li0.2Mn0.8O2 [54]), and the origin of the
stable and reversible l-OR (e.g., the high initial Coulombic efficiency in
LMR-NMC compound).

To better understand these ambiguities, it is worth paying attention to
the local coordination environments of the lattice oxygen. There are
three different interactions between the oxidized oxygen ions (denoted as
O�) (Fig. 4a and b). Specifically, the first is the interaction between two
O� with parallel unhybridized O 2p orbitals. Potential π-type overlap or
π-bonding may form between these two O� by decreasing the O–O
Fig. 4. Schematic of the interactions between oxidized lattice oxygen ions in Li-
Li–O–Li configurations for the Li-rich layered oxides. (b) Three different interactions b
the interlayer oxidized oxygen ions, no interaction between the intralayer oxidized o
process of π-type overlap or π-bond (c) and full σ-type overlap or σ-bond (d) betwee
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distance. The energy of these isolated O� is expected to be lowered by O
2p-2p π-type overlapping or (partially) forming the O–O dimer via
π-bonding, as illustrated in Fig. 4c. A similar situation could exist for the
σ-type overlap. However, it is noteworthy that the (unhybridized) O 2p
orbitals have to rotate about 45� toward each other to enable full σ-type
overlap or σ-bonding, as illustrated in Fig. 4d. This rotation would result
in drastic weakening of the TM-O bonds by decreasing the overlap be-
tween TM 3d/4s/4p and O 2p orbitals. Thus, it is very likely that the
π-type overlap is preferred relative to the σ-type overlap. Lastly, there
shall be no effective orbital overlap between the intralayer O�, because
the corresponding unhybridized O 2p orbitals are non-coplanar (Fig. 4b).
Therefore, the intralayer O–O distance is expected to be well-maintained
upon the l-OR process. This is fully consistent with the calculation results
from COOP using the model system of Li12[Li2Ni3Mn7]O24 (or Li[Li1/
6Ni1/4Mn7/12]O2). As shown in Fig. 5a and b, a conspicuous increase in
the integrated intensity of O–O projected COOP is found upon the deli-
thiation process, which suggests the formation of stronger O–O interac-
tion due to the oxidation of oxygen. Meanwhile, the local O–O COOP
plots for Ni and Mn sites prove that the increased O–O interaction in the
overall delithiated structure mainly originates from the interlayer O–O
interaction (Fig. 5c, d and Figs. S23 and 24). The above analysis can well
explain the unique structural response to the oxidation of oxygen
observed experimentally. Specifically, other than the effect of electro-
static repulsion [55], the selective decrease of O–O distance (interlayer
rather than intralayer) mainly originates from the distinct nature of the
potential O–O chemical bonds within the octahedral environment.

It is also worth noting that the shortest O–O distance (~2.39 Å)
observed in the 4.8 V charged sample is much longer than the real
peroxide (O2

2�) bond length (~1.5 Å) [56], but similar to the peroxo-like
O–O dimer (in which σ-type overlap dominates) distance (~2.45 Å)
observed in 5d TM LRLO [11]. As mentioned above (Fig. 4d), a rotation
rich layered oxides. (a) Crystal structure with unhybridized O 2p orbitals along
etween the oxidized oxygen ions, potential π-type or σ-type interactions between
xygen ions due to the non-coplanar unhybridized O 2p orbitals. (c, d) Formation
n two unhybridized O 2p orbitals. See also Fig. S18.



Fig. 5. Evolution of O–O chemical bonding nature of Li12[Li2Ni3Mn7]O24 based on density functional theory (DFT) calculations. (a, b) Projected (shaded
area) COOP using Lobster program for O–O bonding in Li12[Li2Ni3Mn7]O24 (a) and Li2[Ni3Mn7]O24 (b). (c, d) Comparison of the intralayer (c) and interlayer (d) O–O
COOP for Mn6 site in Li2[Ni3Mn7]O24. (e, f) The electron density isosurface contour plots in energy range (�0.5 eV, 1.5 eV) relative to the Fermi level for Li12[L-
i2Ni3Mn7]O24 (e) and Li2[Ni3Mn7]O24 (f). The O–O bonding COOP plots in (a, b) include all the O–O pairs within bonding distance (2.3 Å, 2.6 Å) and COOP plots for
Mn6 site in (c, d) include 6 intralayer or interlayer O–O pairs. Refer to Figs. S19–24 for more details.
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of the TM-O-TM angle (Fig. S18) must occur for σ-bond or full σ-type
overlap formation in this short O–O pair. However, nPDF results suggest
that there is no obvious distortion of the TM-O-TM angle upon the oxygen
oxidation process (Fig. 3a and Fig. S5). Calculation results of the model
compound also indicate that there is no obvious weakening of the TM-O
bonding (Fig. S24). This relatively rigid structure effectively prevents the
real peroxide or peroxo-like species formation when the oxidized oxygen
ions move closer to each other. In addition, we indeed find that the O–O
distance associated with the π-type overlap is shorter relative to that with
the potential σ-type overlap (Figs. S12–14). Thus, π-type overlap is very
likely to dominate the interaction in this short O–O pair, which can
essentially lower the energy of the locally distorted structure and thus
stabilize the overall l-OR. This localized structure adaption with the
π-type O–O overlap not only accommodates the l-OR but also preserves
the global layered structure in LRLO materials (Fig. 6a).
4.2. Multi TM species for stable layered structure and reversible l-OR

Taken together, the l-OR will result in the change of electronic co-
ordination environment around oxygen atoms, which will then lead to
the crystal structure adaption (for example the local distorted oxygen
lattice in this work). As discussed above, the local structure distortion (or
the shortening of the local interlayer O–O distance) will compete with the
maintenance of the rigid layered structure upon the l-OR process. The
excessive structure distortion would not only destroy the overall layered
structure but also inevitably lead to O2 recombination as well as irre-
versible TM migration/phase transition [57], thus resulting in a series of
electrochemical issues for LRLO materials, such as voltage fade/hyste-
resis, capacity degradation, etc. Therefore, to rein these unfavorable
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electrochemical results and achieve reversible high energy density, it is
necessary to limit the lattice distortion in a localized-structure range.

It is found that the adaption of oxygen lattice is highly dependent on
the nature of TM species. For instance, the decrease of O–O distance
tends to occur in Mn4þ octahedron rather than in Ni4þ octahedron
(Fig. S15). Calculation results also indicate that the O–O 2p orbital
overlap (π-type overlap) is more likely to occur in Mn4þ compared with
Ni4þ (Fig. 5f). The phenomenon is ascribed to the different covalency
between Mn–O and Ni–O interactions. Generally, the TM-O-TM angle (or
TM-O bonding) will be more rigid for cations with stronger covalency
(e.g., Ni4þ) relative to those with stronger ionicity (e.g., Mn4þ) [10].
Thus, we can utilize multi TM species with different degrees of TM-O
bonding covalency to tune the oxygen lattice adaptability. Specifically,
a localized crystal structure (e.g., honeycomb structure) can be con-
structed by multi TM species to achieve both the flexibility (to accom-
modate the l-OR) and rigidity (to maintain the global layered structure)
of the oxygen lattice in LRLO materials (Fig. 6a).

This assessment is confirmed by literature reported results (Fig. 6b
and c) as well as our experimental observations (Fig. 6b). The initial
charge capacity provided by the l-OR (iCC-OR) increase with the content
increase of Mn ions (Fig. 6b and c, top panel), other than the effect of Li-
ions content in the TM layer. This can well be ascribed to the reason that
high-ionicity Mn ions can better accommodate the l-OR and thereby
facilitate the release of initial charge capacity provided by the l-OR.
However, to achieve the high initial Coulombic efficiency (iCE, which is
closely correlated with the reversibility of the l-OR), a coordination of a
certain amount of highly-covalent TM ions (e.g., Ni ions) in the LRLO
material is necessary (Fig. 6b and c, bottom panel). In addition, it is worth
noting that both relatively high iCC-OR and high iCC can only be



Fig. 6. (a) Schematic for the localized and dependent (i.e., closely correlated with the TM species). distorted oxygen lattice upon the cycling process, a perfect local
honeycomb structure with multi TM is needed to accommodate the l-OR while preserve the global layered structure. The effect of various TM contents on the initial
Coulombic efficiency (iCE) and the initial charge capacity provided by the l-OR (iCC-OR) in LRLO materials: (b) the variation results of the iCE and the iCC-OR with
the contents of Mn and Ni ions on the TM layer in Li[Li(2x-1)MnxNi(2-3x)]O2 materials, our experimental results are highlighted using blue star in the plot; (c) the
variation results of the iCE and the iCC-OR with the contents of Mn and Ni&Co ions on the TM layer in Li[Li(x-1/3)Mnx(NiCo)(2/3-x)]O2 materials, in which the red star
represents the LMR-NMC model compound in this work. The atomic ratio between high-valence cations (i.e., Mn4þ, Co3þ) and low-valence cations (i.e., Ni2þ, Liþ) on
the TM layer in (c) is 2:1 which is favorable for the formation of perfect local honeycomb structure. The corresponding references in the plot can be found in the
summary literature section. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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obtained in LRLO materials with perfect local honeycomb structure (in
which the atomic ratio between higher-valence cations (i.e., Mn4þ, Co3þ)
and lower-valence cations (i.e., Ni2þ, Liþ) in the TM layer is 2:1, Fig. 6c).
This is because that the perfect local ordered structure with variant-
covalency TM ions intrinsically define the adaption of oxygen lattice in
a localized range, which not only accommodate the l-OR activity but also
well preserve the global layered structure in LRLO materials. The above
finding is also fully consistent with our experimental observations (high
iCE in Fig. 1a and reversible local structure distortion in Fig. 3c) in the
LMR-NMC model compound which is comprised of three different TM
cations (Fig. 6c) with perfect local honeycomb structure (Fig. 1b).
Therefore, to obtain the stable layered structure and enable reversible l-
OR activity, LRLOmaterial with both rigid and flexible oxygen lattice can
be designed by introducing multi TM species with the optimal atomic
ratio.

5. Conclusion

In summary, a local distorted oxygen lattice structure induced by the
l-OR in LMR-NMC was for the first time detected through the neutron
PDF analysis. This localized-distortion lattice reduces the energy of the
model system accommodating the l-OR activity while preserves the
global layered structure. Crucially, by employing theoretical calcula-
tions, we revealed that the distortion of oxygen lattice is highly selective.
The oxygen lattice with a stronger-ionicity TM-O chemical bond is more
likely to distort than that with a stronger-covalency environment. These
of importance findings not only deepen the understanding of l-OR
mechanisms but also present an illuminating tenet that the TM-O
chemical bond as well as the local crystal structure can be tuned to
achieve both rigidity and flexibility of the crystal structure in LRLO
materials, thus achieving their reversible high energy density with stable
l-OR.
8
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