
www.advenergymat.de

2203354 (1 of 12) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

Atomic-Scale Revealing the Structure Distribution between 
LiMO2 and Li2MnO3 in Li-Rich and Mn-Based Oxide 
Cathode Materials
Haoxiang Zhuo, Haoyang Peng, Biwei Xiao, Zhenyao Wang, Xingge Liu, Zhao Li, 
Guohua Li, Xiangtao Bai, Ligen Wang, Xiaowei Huang, Jingsong Wu, Wei Quan, 
Jiantao Wang,* Weidong Zhuang,* and Xueliang Sun*

DOI: 10.1002/aenm.202203354

1. Introduction

In recent years, lithium-ion batteries 
(LIBs) have gradually taken over various 
areas in life and started to dominate 
transportation with the demand for envi-
ronmental protection and human daily 
activities. Lithium-ion electric vehicles 
(EVs) are considered to be an extremely 
important means of transportation.[1] The 
eternal pursuits of LIBs are long-range 
and low cost. However, the current com-
mercial cathode materials that exhibit 
high cost and low capacity are not suit-
able for the EVs markets. Lithium-rich and 
manganese-based oxides (LRMO) cathode 
materials are considered to be an ideal 
choice for next-generation LIBs since they 
can meet the demand for ultra-high spe-
cific energy while being environmentally 
friendly and low-cost.[2–5]

LRMO, which can be written as 
xLi2MnO3⋅(1-x)LiMO2 (M = Ni, Co, 
and Mn, 0 < x  < 1), has attracted many 
researchers for the complex structure 
composition and unusual electrochemical 
reaction mechanism. LRMO is capable of 

Lithium-rich and manganese-based oxide (LRMO) cathode materials are 
regarded as promising cathode materials for lithium-ion batteries with ani-
onic redox characteristics and higher specific energy density. However, the 
complex initial structure and complicated reaction mechanism of LRMO is 
controversial. Herein, the reaction mechanism and unusual electrochemical 
phenomena are reconsidered after proposing the concept of structure 
distribution between Li2MnO3 and LiMO2 structures. The initial structure 
states show different types of composition characteristics of Li2MnO3 and 
LiMO2, including “large and isolated distribution” and “uniformly dispersed 
distribution” characteristics, as summarized by multiple aberration correction 
scanning transmission electron microscopy observations at the atomic-scale 
for cross sectional samples. Based on the density functional theory calcula-
tions, X-ray absorption spectroscopy, and atomic-scale observations during 
the different voltage states, the results accordingly suggest that the distribu-
tion characteristic is the essential cause of the unusual behavior in LRMO. It 
governs the reaction behavior, leading to the changes in electronic structure 
of O2p and TM3d, and the maintenance of layered structure, reversibility of 
the anionic redox, as well as, the voltage hysteresis. This work constructs 
the interrelationships of electrochemical behavior—distribution character-
istic—reaction mechanism, contributing to the further application of LRMO 
materials in the electric vehicle market.
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delivering ultra-high specific capacity of more than 300 mAh g−1  
under high voltage (>4.5 V)[6] attributed to the redox reaction of 
lattice oxygen, which is completely different from the cationic 
redox of conventional cathode materials.[7,8] The essential origin 
of the redox reaction from the lattice oxygen is the unhybrid-
ized or non-bonding O2p states, which are distributed along the 
LiOLi configuration, and the non-bonding O2p states react 
independently of other Transition Metal (TM) orbitals, thus 
exhibiting the anionic redox character.[7] And the LiOLi con-
figuration arises from the distribution of the additional Li ions 
that appear in the TM layer. The reaction mechanism of LRMO 
materials with some strange behavior of anionic redox has been 
investigated, but the related underneath mechanism remains 
under-explored. For example, the mechanism that maintains 
the reversible anionic redox as well as the transition of lattice 
oxygen during the charging and discharging states. After the 
first charge activation, the anionic reaction is spread over mul-
tiple voltage ranges, especially in the lower voltage range.[9] In 
addition, voltage hysteresis, voltage decay, and structure collapse 
have shackled the further development of LRMO cathode mate-
rials for a long time, and the structure transformation during 
lithium (de)intercalation has been the subject of long-standing 
controversy, spurring researchers to investigate the nature.[10–15]

Experience in the synthesis of LRMO materials indicated that 
the nuance in the synthesis condition was bound to lead to elec-
trochemical differences. The hidden reason is the changes in the 
arrangement inside the LRMO particles, especially at the atomic-
level, caused by the changes in the synthesis conditions. Meng 
et  al. pointed out that the changes in the synthesis conditions 
significantly affected the structure and even the electrochemical 
properties of LRMO.[16] The delocalized LiMn6 superstructure 
has a great influence on the electrochemical reaction behavior 
of LRMO.[17,18] In addition, LRMO possesses a complex initial 
structure, and the composition of Li2MnO3 and LiMO2 structures 
makes the distribution of the material at the atomic-scale con-
fusing.[19] Yu et  al. made a systematic and detailed study of the 
initial structure for LRMO materials and proposed the concept of 
domains, suggesting that the interaction of twin domains formed 
by the Li2MnO3 and LiMO2 phases, respectively, is fundamental 
to the composition of the particle structures.[20,21] Abraham et al. 
observed that the Li2MnO3-like and LiCoO2-like appeared homo-
geneous over the long-range in Li1.2Co0.4Mn0.4O2.[22]

However, the distribution model of Li2MnO3 and LiMO2 struc-
tures within the domains of the particles needs to be investigated 
in-depth and comprehensively, from the atomic-scale observation 
to the electronic structure and up to the connection of the reac-
tion mechanism, and whether there are multiple ways to com-
posite the two at the nanoscale is uncertain. In this work, the 
concept of structure distribution has been proposed. The reaction 

mechanism of LRMO cathode materials has been reconsidered 
from the perspective of the composition of Li2MnO3 and LiMO2 
structures at the nano-scale, and it was found that a series of 
reaction behaviors of LRMO materials such as reaction activity, 
the reversibility of anionic redox, and even voltage hysteresis 
were closely related to the structure distribution. Different ways 
of distribution “large and isolated distribution” and “uniformly 
dispersed distribution” have been proposed by multiple aberra-
tion correction scanning transmission electron microscopy (AC-
STEM) observations from atomic-scale after the treatment of 
focused ion beam (FIB) for particles. Based on the electrochem-
ical measurement, density functional theory (DFT) calculations, 
X-ray absorption spectroscopy (XAS), and AC-STEM observations 
during the different states of lithium (de)intercalation, it was 
confirmed that the uniformly dispersed distribution of Li2MnO3 
and LiMO2 has brought a radical change to LRMO materials, 
which affects the non-bonding 2p state of oxygen, and increased 
the electrochemical reactivity. Moreover, as the deintercalation of 
lithium continues, the expansion of the interlayer spacing in the 
LiMO2 structure, in turn, influenced the interlayer spacing in the 
Li2MnO3 structure that blends with it, thus improving the ability 
of the lithium ions deintercalation. In addition, voltage hysteresis 
was found to be highly correlated with the anionic reversibility. 
The introduction of the concept of distribution can explain the 
maintenance of the layered structure and the reversibility from 
oxidation to reduction upon lattice oxygen, and is one of the 
causes of voltage hysteresis by the changes in the electronic states.

2. Results and Discussion

2.1. Observation of Different Structure Distribution

The synthesis conditions have a huge influence on the local struc-
ture as has been mentioned in lots of works.[18,23,24] The general 
rule for the influence of synthesis conditions on the distribution 
of Li2MnO3 and LiMO2 structures is being investigated systemat-
ically in another work, where the synthesis conditions are varied 
in terms of calcination temperature, annealing time, atmos-
phere, and Li: TM ratio. In this research, the distribution states 
of the two structures were regulated by simply changing the 
synthesis conditions. Taking 0.5Li2MnO3-0.5LiMn1/3Ni1/3Co1/3O2 
(Li1.2Mn0.54Ni0.13Co0.13O2) as the benchmark, three types of 
samples L0 (1.20: 0.8), L3 (1.164: 0.8), and L5 (1.14: 0.8) with dif-
ferent degrees of dispersion of the structures were obtained by 
slightly changing lithium content, that is, Li:TM ratio, while 
ensuring other synthesis conditions were completely consistent. 
Inductively coupled plasma atomic emission spectrometry was 
employed to identify the chemical compositions of the three 
pristine powders. The mass ratios of Li, Mn, Ni, and Co of the 
samples are listed in the Table S1, Supporting Information, and 
the mass ratios were converted to atomic ratios and “normalized” 
with (Mn + Ni + Co) = 0.8 in order to facilitate identification. As 
shown in Table S1, Supporting Information, the elemental com-
ponents of the three samples are basically consistent with the 
designed chemical components.

The three samples were studied to confirm differences in 
dispersion and distribution. The Li2MnO3 structure is a stack 
of—layer O—layer Li—layer O—layer LiMn2—layer O. In the 
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LiMn2 layer, Li and Mn are arranged in a honeycomb-like order 
(LiMnMn), and this type of ordered arrangement leads to 
the unique superlattice diffraction of Li2MnO3 in the X-ray dif-
fraction (XRD) patterns (20°–35°), which is a sign of LRMO 
materials. Breaking the long-range order of this superlattice 
structure causes a broadening of the superlattice peaks and 
a decrease in diffraction intensity. The XRD patterns (Cu kα) 
of the three samples are shown in Figure  1a, followed by the 

normalized processing according to the strongest peak ((003) 
around 19°). The intensity and profile of the main diffraction 
peaks are almost identical for each sample, all of which can be 
indexed to C2/m-Li2MnO3 or R-3m-LiMO2. However, the super-
lattice peaks become weaker and wider from L0 to L3 to L5, pre-
senting a trend in the distribution characteristics. The integra-
tion values superlattice peaks (20°–30°) from L0 to L3 to L5 were 
0.826, 0.0723, and 0.0343, respectively, which showed a trend of 
weakening superlattice peaks. In order to verify the influence 
of the large isolated distribution or uniformly dispersed distri-
bution on the profile of the superlattice peak, several models 
were constructed to simulate the XRD patterns by DIFFaX. The 
same amount of Li2MnO3 and LiMO2 were adopted for simu-
lating, that is, 0.5Li2MnO3-0.5LiMO2, as shown in Figure S1a, 
Supporting Information, when the distribution was large and 
isolated, that is, LiMn2-LiMn2-LiMn2- … -LiMn2-TM-TM-TM- … 
-TM (for simplicity, the Li and O layers are omitted), the pro-
files of the superlattice peaks were not greatly affected and still 
possessed the strong diffraction intensity. When the two were 
uniformly mixed and dispersed, that is, LiMn2-TM-LiMn2-
TM-…-LiMn2-TM-, the superlattice peaks were accompanied 
by broadening and weakening while the other peaks remain 
consistent, in agreement with the experimental XRD curves. 
It is suggested that the changes in the distribution properties 
of Li2MnO3 and LiMO2 structures greatly affect the long-range 
order and thus change the diffraction patterns.

It was estimated that the structure distribution of L0, L3, 
and L5 samples showed a trend from isolated to dispersed dis-
tribution. Employing the profile and intensity of the superlat-
tice peaks is not accurate enough to identify the distribution 
characteristics of the structure and are not unique, it was only 
a qualitative means to determine the tendency of distribution 
characteristics. To further confirm the atomic arrangement, 
STEM was applied after FIB treatment for sample slices, and 
the local structures in the bulk were revealed. For high-angle 
annular dark field (HAADF)—STEM image, light elements 
such as Li and O present dark spots, while heavy elements such 
as TM present bright spots,[20,25] and the -dark-bright-bright-
dark-bright-bright- arrangement corresponds to the LiMn6 
arrangement in the Li2MnO3-like structure (LiMnMnLi
MnMn), while the -bright-bright-bright-spot arrangement 
corresponds to the continuous arrangement of -TM-TM-TM- in 
the LiMO2-like structure. Therefore, the atomic-scale HAADF-
STEM observation along the [100] zone-axis is an efficient tool 
to distinguish the degree of dispersion and distribution between 
the Li2MnO3 and LiMO2. For sample L0, which is predicted to 
present a large and isolated distribution, we selected regions 
far apart in the same particle for comparison and obtained 
two types of atomic arrangements that are completely different 
from each other in Figure 1b. As shown in Figure 1c,e, Region 
1 of the L0 particle was almost filled with Li2MnO3 structures, 
accompanied by very few continuous arrangements of TM, and 
the corresponding fast Fourier transform exhibited pure C2/m 
structures. Region 2, on the other hand, was almost composed 
of the LiMO2 structure (Figure  1d,f). Thus, the structures of 
Li2MnO3 and LiMO2 in this special sample L0 crystallized sepa-
rately in a large region.

As for sample L5 (Figure  2), the homogeneous mixing of 
Li2MnO3 and the LiMO2 arrangement was almost ubiquitous 

Figure 1. a) XRD (Cu-Kα) curves XRD curves for three samples with dif-
ferent structure distribution characteristics with background correction 
and the normalized processing according to the strongest peak ((003) 
around 19°), inset is enlarged view of the superlattice peaks. Original XRD 
patterns were shown in Figure S5, Supporting Information. b) Large-scale 
HAADF-STEM image for sample L0, showing the whole particle after FIB 
treatment. c) HAADF-STEM atomic-scale imaging of the Li2MnO3 struc-
ture in the particles, corresponding to the randomly selected region in  
(b) with above red boxed lines, showing the isolated distribution of almost 
all the Li2MnO3 structures. Inset image is the fast Fourier transform of 
the atomic image in (c). d) HAADF-STEM atomic-scale imaging of the 
LiMO2 structure in the particles, corresponding to the randomly selected 
region in (b) with red boxed lines below, showing the isolated distribu-
tion of almost all the LiMO2 structures. e) Enlargement of the atomic 
image of Li2MnO3 structures, the inset image shows the structure model 
of Li2MnO3. f) Enlargement of the atomic image of LiMO2 structures, the 
inset image shows the structure model of LiMO2. g) Schematic model for 
the particle with large and isolated distribution
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in various regions. To show that this is a general phenomenon, 
HAADF images (Figure  2c,d) of several regions in the parti-
cles were randomly selected, showing a uniformly dispersed 
distribution of Li2MnO3 and LiMO2 structures, with the LiMn2 
and TM layers alternating almost once every few atomic layers 
or ≈1  nm. In the STEM images along the [100] zone axis, the 
LiMnO2 phase is distinguished from the Li2MnO3 by the extra 
dots as indicated in Figure 2e,f, which are due to the replacement  

of Li by Mn. However, as the heterogeneous structure of the 
two phases is 3D, a quantitative analysis may have an error, 
especially in the adjacent areas of the two phases. In this 
work, we performed qualitative analysis on the deconvolution 
of the domain distribution to support the major conclusions. 
As shown in Figure  2e, the distribution of the two types of 
structures was distinguished by the yellow dashed line at the 
nanoscale, with the Li2MnO3 structure and LiMO2 structure 

Figure 2. a) Schematic model for the particle with uniformly dispersed distribution. b) Large-scale HAADF-STEM image for sample L5, showing the 
whole particle after FIB treatment. c,d) HAADF-STEM atomic-scale imaging, corresponding to the randomly selected region in (b) with red boxed 
lines, showing the nanoscale dispersed distribution of Li2MnO3 structure and LiMO2 structures. e) Li2MnO3 structures and LiMO2 structures are dis-
tinguished by the yellow dashed line, and the Li2MnO3 structures are inside the box. f) Enlargement of the atomic image in (d), the inset image shows 
the structure model of Li2MnO3 and LiMO2.
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inside and outside the dashed line, respectively. Thus, the uni-
formly dispersed distribution of these two structures is not 
only limited to the stacking along the c-direction but also exists 
within the same layer of the a-b plane.

2.2. Fundamental Influence of Structure Distribution  
Characteristics on the Electrochemical Behavior of Lithium-Rich 
and Manganese-Based Oxide

The changes in the distribution characteristics affect the inter-
growth between Li2MnO3 and LiMO2 structures within the 
particles at the nano-scale. The long-range ordered atomic 
arrangements are rendered to be changed when the two struc-
tures are dispersed in the particles, and the complex short-
range local structure is bound to bring great variability in the 
reaction behavior, and is even the essential cause of electro-
chemical phenomena. As shown in Figure 3a, the charge-dis-
charge curves during the first cycle of the three samples showed 
great differences between each other. As the Li2MnO3 struc-
ture became more dispersed in the particles, the first-charge 
capacity was gradually increased from sample L0 to L5, where 
the first charging plateau was then lengthened substantially. 
The first charging plateau at ≈4.5 V corresponds to the charge 
compensation of the non-bonding O 2p states in the Li2MnO3 
structure, which is an important feature of the anionic oxida-
tion in the LRMO material.[6] It indicated that the dispersed dis-
tribution of Li2MnO3 contributes to the improvement of lattice 
oxygen activity in LRMO. As shown in Figure S2a, Supporting 
Information, the increase in first charge capacity was basically 
from the capacity increase in lattice oxygen reaction (>4.4 V).

In LRMO materials, the evolution of lattice oxygen after the 
first charge includes: Part of the oxygen continues to partici-
pate in the reduction reaction stably during the discharge pro-
cess in the form of intermediate; while the other part releases 
as oxygen gas. Generally, the longer the charging plateau of 
oxygen, the higher the first charging capacity, which corre-
sponds to more oxygen gas evolution. However, as shown in 
Figure 3a, the higher charging capacity corresponds to a higher 
discharge capacity, that is, the first coulomb efficiency has been 
greatly improved as the two structures become more dispersed 
in the particles (as shown in Figure S2b, Supporting Infor-
mation), which seemed counterintuitive. It could be further 
observed from the dQ/dV curves (Figure 3b) that the increase 
in the reversibility of charging and discharging (or called oxida-
tion and reduction reversibility), derive from the capacity boost 
in the voltage range of about 3.0–3.5  V in discharge, which 
was the manifestation range of the voltage hysteresis behavior 
from lattice oxygen. Therefore, the dispersed distribution not 
only enhanced the activity of lattice oxygen, but also improved 
its redox stability as well as the voltage hysteresis phenom-
enon. Following part details how the change in the distribution 
characteristics affects the electrochemical behavior above from 
atomic to electronic structure.

The most immediate consequence of the dispersed mixing 
of the two structures is the generation of a large number of 
“phase-like interfaces,” that is, the composite interfaces between 
the Li2MnO3 structure and the LiMO2 structure after the inter-
growth at nanoscale. Although the structures of Li2MnO3 and 

LiMO2 are extremely similar, these interfaces resulted from 
the composite of the two structures cause abnormal adjacent 
coordination structures to appear, which are different from the 
internal arrangement of the two structures. Besides, the more 
dispersed the two structures are in the particles, the more 
phase-like interfaces there are. There are two kinds of phase-
like interfaces, namely, two simplified composite modes, which 
are summarized in detail by HAADF-STEM images of the dis-
persed distribution. Phase-like interfaces A: The Li2MnO3 and 
LiMO2 structures are mixed and stacked along the c-direction 
(Figure S3a,b, Supporting Information); Phase-like interfaces 
B: Compositing within the a-b plane, that is, the -LiMn2-LiMn2-
LiMn2- and -TM-TM-TM- arrangements appear in the TM layer 
simultaneously (Figure S3c,d, Supporting Information).

2.2.1. Facilitation of Reaction Activity

The O K-edge soft X-ray absorption spectroscopy (sXAS) was 
obtained to confirm the oxygen reactivity. The pre-edge peaks 
at ≈529  eV and ≈532  eV correspond to the transition of O 1s 
electrons to the empty TM 3d-O 2p hybrid orbital together with 
the 2p states of O,[26] and the changes in the integrated inten-
sity of pre-edge peaks during the charging process correspond 
to the charging activity of lattice oxygen.[27] For sample L5 with 
dispersed distribution, as shown in Figure 4d,e, the integrated 
intensity and profile of the pre-edge peaks were relatively sim-
ilar between the pristine state and the charged 4.4 V state. While 
from the 4.4 V state to the 4.8 V state, the integral intensity of 
the pre-edge increased sharply, corresponding to the strong 
reaction of the lattice oxygen. In contrast, sample L0 with iso-
lated distribution characteristic did not show as much variation 
in integral intensity as sample L5 during the charging process, 
although it also possessed oxygen oxidation activity (Figure S4a, 
Supporting Information). It indicated that the increase in reac-
tivity caused by the change in distribution characteristics can 
be partly attributed to the activation enhanced of 2p states from 
lattice oxygen. In addition, as shown in Figure S4b, Supporting 
Information, the Mn L-edge sXAS spectra of pristine states for 
all three samples exhibited Mn4+, which excluded the presence 
of low-valent Mn in the powder as well as the spinel structure. 
At the same time, the sXAS spectra of the Mn L-edges in dif-
ferent delithiation states all showed the Mn4+ state (Figure 
S4c, Supporting Information), which further excluded that 
the improvement of reaction activity comes from the valence 
changes in Mn.

DFT calculations were introduced to demonstrate the 
changes in the electronic structure and the improvement of 
the oxygen activity when Li2MnO3 and LiMO2 were combined 
in the above two ways, and the models were constructed based 
on the observed from STEM-HAADF. It is known that the 
redox reactions during charging and discharging correspond 
to the loss and gain of the electrons in the cathode material, 
namely the loss of occupied states and the filling of unoccu-
pied states, respectively. The energy level distribution of occu-
pied states in the pre-delithiated structure determines the order 
of the oxidation reaction and the charging voltage due to the 
corresponding relationship with the lithium metal orbitals. For 
LRMO cathodes, the reaction during the lower voltage range 
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(<4.5 V) corresponds to the oxidation of Ni eg orbital closer to 
the Fermi level with Co t2g orbital, that is, the delithiation in the 
LiMO2 structure. While ≥4.5 V corresponds to the non-bonding 
O2p states of Li2MnO3, which is slightly farther than the Fermi 
level but isolated from the other TM orbitals.[7,8]

The partial density of states (pDOS) of O in the Li2MnO3 
structure was shown in Figure  4b, the 2p orbitals near the 
Fermi level were the non-bonding O2p states around LiOLi, 
which was the origin of the high capacity and anionic redox. 
When composited with the Li2MnO3 in the form of “phase-like 

Figure 3. a) First charge/discharge curves of three samples (2–4.8 V, 20 mA g−1). b) The dQ/dV curves corresponding to the first charge/discharge 
curves. c) HAADF-STEM image for sample L5 in the first charging 4.4 V state. d) Interlayer spacing for atomic image in (c). e) HAADF-STEM image of 
a larger range for the sample L5 in the bulk at the charging 4.8 V states, showing the relatively perfect layer structures. f) Enlarged HAADF-STEM image 
of the sample L5 in the bulk charged at 4.8 V, the asterisks indicate the TM ions of partial in-plane migration in the Li2MnO3 structure.
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interfaces A,” the O 2p states near the interface in LiMO2 exhib-
ited special features. As shown in Figure  4a,b, in addition to 
the higher occupied states that are coordinated to Ni and Co, a 
part of the special non-bonding 2p states in the slightly lower 
energy range, which overlaps with the energy range of the non-
bonding O2p states in Li2MnO3, implying that the LiMO2 struc-
ture is also partially involved in the oxidation of lattice oxygen 
at the high voltage of ≈4.5 V.

While near the “phase-like interfaces B,” the composition 
within the a-b plane makes the situation even more different. 
As shown by the pDOS of O in Figure  4a,b, the 2p states of 
O in LiMO2 near the “phase-like interfaces B” split partly to a 

relatively low energy range that almost overlaps with the energy 
range of the non-bonding O 2p states in Li2MnO3 structures. 
It should be noted that, unlike Li2MnO3, these low-energy 
O2p states in LiMO2 are not non-bonding. The pDOS of Ni 
(Figure 4b) showed that in this case the Ni eg states transfer to 
the lower energy range, which should have been in the range 
closest to the Fermi level, and they overlap with those O 2p 
states reduced energy in LiMO2, forming the relatively lower 
energy Nieg-O and Co t2g-O bonds, respectively (Figure 4a,b). As 
shown in Figure 4c, the partial charge density diagram for the 
energy ranges visualized that in the slightly lower energy range 
(−1.5 eV–−0.5 eV), the charge distribution exists simultaneously 

Figure 4. a) Schematic diagram of the electronic structures of various complex structures formed after the dispersed composite of Li2MnO3 structure 
and LiMO2 structure. b) O pDOS in different local environments and pDOS of Ni near the interface B. c) Partial charge density diagram for slightly 
lower energy range (−1.5–−0.5 eV) around O in Li2MnO3 structure, Ni and Co near the “phase-like interfaces B.” d) O K-edge sXAS spectra with dif-
ferent delithiation states (TEY mode). e) Variation of the normalized integrated intensity for the O K-edge pre-edge peaks of sample L5 under different 
charging and discharging states, and the diagram of multiple redox pairs reacting in different voltage ranges. f) Ni L-edge sXAS spectra with different 
delithiation states of sample L5. g) Co L-edge sXAS spectra with different delithiation states of sample L5.
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in O of Li2MnO3 and O, Ni, and Co in LiMO2, together with 
Ni and Co forming the σ or π-type overlap with the O near the 
“phase-like interfaces B.” While in the higher energy range, the 
charges were only distributed around some of the O, Ni, and 
Co in LiMO2 structures. Thus, at high voltage (≥4.5  V), elec-
trons were extracted not only from the non-bonding O2p state 
in Li2MnO3, but also from the NiO and CoO bonds near the 
“phase-like interfaces B,” which delivered electrons to partici-
pate in the oxidation reaction, increasing the reaction activity.

The L-edge of Ni and Co sXAS spectra during the charging 
states were obtained to confirm the conclusions of DFT cal-
culations. The relative intensity of the main peak located at 
≈852.9 eV and the weaker shoulder peak located at ≈855 eV can 
roughly correspond to the electronic state of the Ni element in 
the Ni LIII edge spectra.[26,28] As shown in Figure 4f, the weaker 
shoulder peak at higher energy ≈855  eV became higher and 
broadened from the pristine state to 4.4  V state upon sample 
L5, which corresponds to the oxidation of Ni to higher Ni3+ or 
Ni4+. It was worth noting that with the increase in charging 
voltage, the intensity of the weak shoulder peak in the 4.8  V 
state has been further improved. Similarly, for the Co L-edge 
sXAS spectra, the slight shift to the higher energy range of 
the LIII main peak at ≈778.2  eV and the weak shoulder peak 
at ≈780.2 eV corresponds to the lifting in the oxidation state of 
Co.[9,29] As shown in Figure 4g, the slight shift of the peak posi-
tion to the high-energy state during the Co L-edge spectra ran 
through the entire charging process. The above spectroscopic 
observations further confirm the DFT calculation conclusion 
that the dispersed distribution allows the generation of the 
complex electronic states in the complex structure, resulting 
in the appearance of higher energy 3d electrons and lower 
energy 2p electrons, which renders the high voltage activity of 
TM3d-O2p.

In addition to the changes in electronic structure, the dis-
persed distribution of the two structures also promoted the 
deintercalation ability of Li ions compared to the large-scale 
structure distribution that renders the reaction to be com-
pletely split into two isolated parts. In the low voltage range, the 
lithium ions in LiMO2 structures were extracted, followed by 
the interlayer spacing expansion due to the repulsion between 
the oxygen layers. Profiting from the extremely dispersed com-
posite of Li2MnO3 structure and LiMO2 structure, the interlayer 
spacing of the Li2MnO3 structure was expanded in conjunction 
with the local expansion of the interlayer spacing in LiMO2 
after delithiation, thus promoting the migration of Li ions in 
Li2MnO3 structure during the high voltage range. We performed 
FIB processing on sample L5 at the first charging state of 4.4 V 
to show the bulk structure. HAADF-STEM image (Figure 3c,d) 
confirmed that the interlayer spacing (TM/LiMn2 layer—TM/
LiMn2 layer) of all structures have been expanded despite the 
partial delithiation state of 4.4 V, from 4.8 to 5.0 Å. Pure Li2MnO3 
materials have been shown to possess rather poor kinetic and 
(de)intercalation capabilities of Li ions, making it impossible 
to deliver the high theoretical capacity in reality. However, 
LRMO materials possess a completely different deintercala-
tion ability of Li ions than pure Li2MnO3 materials, benefiting 
from the presence of the LiMO2 structure and the dispersed 
composition of the LiMO2 structure with the Li2MnO3 struc-
ture in the nanoscale. The synergistically expanded interlayer  

spacing promotes the deintercalation of the excess Li within the 
Li layer and LiMn2 layer.

The Rietveld refinements of the three pristine samples 
were applied in an attempt to eliminate the Li-ions transport 
behavior affected by the TM ions in Li layers. The results of 
Rietveld refinements were listed in Figure S5 and Table S2, 
Supporting Information, the value of “TM ions in Li layers” 
was not significantly different among the three samples. In 
addition, the electrochemical impedance spectroscopy (EIS) 
for different charging states during the first charge was added, 
and we selected three samples for each charging state which 
charged to cutoff voltages of 4.4  V (before the plateau), 4.5  V 
(at the early stage of the plateau), 4.55  V (at the middle stage 
of the plateau), and 4.6  V (after the plateau) for EIS. The rel-
evant fitting and calculation results and equivalent circuits were 
shown in Table S3 and Figure S6, Supporting Information. The 
Re (ohmic impedance) for different samples in different states 
of charge was relatively similar, demonstrating that the electron 
transport in the electrode was not affected by the changes in 
material structure. Strikingly, despite the gradual increase of 
the first charge capacity from sample L0 to L5, the Rct (charge 
transfer impedance) of L0 was much higher than that of L5 at 
all four charging states and showed a significant decrease trend 
from L0 to L3 to L5. The sharp increase in charging as well as 
plateau capacity corresponded to the smaller Rct, implying the 
intrinsic charge transfer enhanced by the complexity of the 
local structure distribution is inextricably linked to the improve-
ment of capacity as well as anionic activity. Moreover, galvano-
static intermittent titration technique (GITT) tests for the first 
charge/discharge process of the three samples were employed 
to describe the kinetic process of ion transport. GITT curves 
for the first cycle of the three samples were shown in Figure 
S7c, Supporting Information, and the Figure S7a,b, Supporting 
Information, illustrated the distribution of the Li-ion diffusion 
coefficient versus specific capacity calculated by GITT. The dif-
fusion coefficients showed a trend from higher to lower from 
sample L0 to sample L5 throughout the whole first charge/dis-
charge process. The significant decrease of the diffusion coef-
ficient from L0 to L3 to L5 samples during the lower charging 
range corresponded to the fact that the dispersed distribution 
also promoted the migration kinetics of Li ions in the LiMO2 
structure, that is, the dispersed distribution promoted more Li 
ions to be deintercalated in the LiMO2 structure under the same 
current density, which was also connected with the increase of 
the interlayer spacing at 4.4  V. After low-voltage charging, as 
we have observed in STEM, the Li-ion migration kinetics in 
the nanoscale-dispersed Li2MnO3 structure was boosted, also 
reflected in the trend of improvement for Li-ion diffusion coef-
ficient from L0 to L3 to L5 during the higher charging range. 
However, the GITT tests were performed at a very slow reac-
tion rate for Li-ion (de)intercalation, and the resulting charge/
discharge specific capacity is capable of excluding the effects 
from migration kinetics, but there was still a certain differ-
ence in the capacity for three samples delivered in the GITT 
tests (Figure S7c, Supporting Information). Therefore, in sum-
mary, the capacity difference caused by the change of distri-
bution characteristics was essentially promoted by thermody-
namics and dynamics. In addition, the anionic reaction process 
is closely related to the kinetic reaction,[9] which is not only 
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reflected in the diffusion promotion in the high voltage range of 
charging. In the trend of diffusion coefficients during the dis-
charge process (Figure S7b, Supporting Information), the dif-
fusion coefficients of the dispersed distribution structure were 
superior across the whole process, especially in the range of 
3.0–3.5 V, which was the reaction corresponding to the oxygen 
reduction,[9,30] and hence the dispersed distribution promoted 
the slow kinetic process corresponding to the anionic reac-
tion even in the discharge. Also, at a very slow reaction rate for 
GITT tests, the great increase in capacity during the 3.0–3.5 V 
range for discharge indicated the role of the thermodynamic co-
promotion for the anionic reaction.

The ex-situ XRD curves that charged to cutoff voltages of 
4.4  V (before the plateau), 4.5  V (at the early stage of the pla-
teau), 4.55 V (at the middle stage of the plateau), and 4.6 V (after 
the plateau) for three samples were presented in the Figure S8, 
Supporting Information, and the corresponding refinement 
results were listed in the Table S4 and Figure S9, Supporting 
Information. After charging during the low voltage range before 
the plateau, a and b underwent slight shrinking deriving from 
the oxidation of transition metals, while c of all three samples 
got the greater increase corresponding to the expanding of the 
interlayer spacing. In agreement with that revealed above, more 
Li ions being extracted in the sample from L0 to L5 resulted in 
a stronger repulsion between oxygen layers and consequently 
a larger increase in the constant c. However, the sample pos-
sessing dispersed distribution characteristics at the nanoscale 
was found not to exhibit drastic lattice shrinking at the long-
range scale after undergoing charging plateau as well as charge 
compensation of lattice oxygen. It benefits from the stabilizing 
effect of the dispersed distribution characteristics on the struc-
ture of the delithiated state, in this case the oxygen loss and 
the structural transition occur at the surface at the short-range 
scale, as captured by STEM, and the layer structure in the bulk 
is relatively well maintained.

2.2.2. Reversibility of Anionic Oxidation and Reduction as well as 
the Phenomenon of Voltage Hysteresis

Early theories suggested that the reaction of lattice oxygen 
in LRMO materials only involves the oxidation in the first 
charge without the subsequent reversible reduction or even 
the reaction over long cycles, and the Li and O were irrevers-
ibly extracted in the form of Li2O. However, recent studies have 
shown that lattice oxygen was capable of being oxidized and 
reduced reversibly during the cycle with some intermediate 
structures to continue the reaction, although the mechanism of 
the reversible reaction is still in dispute.[31–33] In contrast, pure 
Li2MnO3 material possessed oxygen oxidation activity without 
reversible reactivity, which was confirmed in a recent study[34] 
due to the huge oxygen gas from the first charge. The revers-
ibility mechanisms of anionic oxidation and reduction have 
been of strong interest. It was generally believed to be related 
to the formation of some intermediate structures in the mate-
rial during the electrochemical processes, such as the reversible 
TM migration,[30] the OO dimer,[32,33] and even the formation 
of molecular oxygen within the bulk,[31] and all these structures 
were pointed out to support the anionic reversibility.

The reversible behavior of oxidation and reduction for L0 
with two structures distributed in isolation was similar to that 
of pure Li2MnO3 materials, as shown in Figure 3a, whose first 
coulomb efficiency was very low, possessing lower charging 
activity and the worse reversibility of lattice oxygen. The oxygen 
possessed strong irreversibility in the subsequent reduction 
process, and the overall reaction was more like the superposi-
tion of pure Li2MnO3 and pure LiMO2 materials. While the uni-
formly dispersed composite of LiMO2 structure and Li2MnO3 
structure like sample L5 contributed LRMO materials to exhibit 
completely different reversible behaviors, especially oxygen oxi-
dation and the recoverability of reduction.

The particles of sample L5 after the first full delithiation 
(4.8  V) were processed by FIB treatment and the STEM was 
used to display the structure changes at the atomic scale. The 
particles remained relatively intact after undergoing oxygen oxi-
dation at high voltage and a large amount of delithiation (Figure 
S10b, Supporting Information, and Figure  3e). In addition to 
the thin phase transition on the surface, which was caused by 
the oxygen loss from the surface, and was also the explanation 
for the irreversible behavior during the initial cycle. The sur-
face is the initial area for oxygen loss, causing a certain range of 
structure disorders and phase transitions, and is the beginning 
of structure degradation and voltage decay in LRMO materials. 
It was not as bad at the beginning of the cycle in the sample 
with dispersed distribution and was responsible for about ten 
percent of the irreversibility capacity. In contrast to the surface, 
as shown in Figures  3e and  4f, the bulk structures have been 
well maintained, with no oxygen release or severe structure 
transformation, which determines the reversible capacity of the 
material and the recoverability of the reduction reaction. The 
complete structures and LiMnMn ordering could be shown. 
The atomic arrangement in the bulk (Figure 3e) showed that the 
layered structure has been well maintained, thus ensuring the 
recoverability of the reduction reaction, which was attributed 
to the structure retention of Li2MnO3 by the dispersed LiMO2 
structure. For the isolated distribution of Li2MnO3 such as L0, 
the oxygen behavior is more like that of pure Li2MnO3 mate-
rials, where oxygen is released as gas after the oxygen oxidation 
as well as the extraction of lithium ions. The O formed a short 
OO bond spontaneously in the structure of pure Li2MnO3 
after delithiation, which was highly susceptible to release. 
However, it was not the case for the dispersed composite of 
LiMO2 and Li2MnO3 in the bulk. The Li2MnO3 structure and 
the Li2MnO3 structure were separated by the dispersed LiMO2 
structure. It was difficult for Li2MnO3 to form oxygen conden-
sation after Li extraction, and the highly oxidized oxygen can 
only be bound within the bulk lattice, as confirmed by the DFT 
calculations in Figure S10c, Supporting Information. Further-
more, as mentioned in detail above, the part of Ni eg together 
with the t2g orbital of Co reduced the energy and replaced part 
of activity from oxygen during high voltages, stabilizing the 
oxygen, which likewise contributed to the retention of the lay-
ered structures and the reaction recovery of lattice oxygen.

The dQ/dV curves (Figure  3b) of the first charge/discharge 
analyzed the voltage distribution of different redox reactions, 
and the samples with different structure distribution char-
acteristics exhibited great differences among them. The dis-
persed distribution significantly enhanced the recovery of the 
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reduction, and the gradual enhancement of the reversibility 
during the discharge process mainly came from the capacity 
increase in the voltage range of 3.0–3.5  V, which corresponds 
to the range of voltage hysteresis from lattice oxygen.[9,30] It 
indicates that the reversibility between oxidation and reduc-
tion from anion is inextricably linked to the voltage hysteresis 
phenomenon. For a long time, voltage hysteresis is one of the 
perplexing phenomena of LRMO materials, which manifests 
itself as a mismatch of potential between the charging and dis-
charging of the same redox pair, and the high-voltage reaction 
of lattice oxygen in the charge is transferred to a lower voltage 
range during discharging. The oxidation of oxygen corresponds 
to the extraction of the non-bonding O2p states, which leaves 
behind the unoccupied states that should be filled at high 
voltage during discharging. However, part of the oxygen reduc-
tion reacts at relatively low voltages (3.0–3.5 V), suggesting that 
the local structure maintaining reversibility changes the elec-
tronic configuration of the lattice oxygen, lifting the energy 
of the O2p unoccupied states and thus changing the reaction 
voltage of reduction. The O K-edge sXAS spectra of sample L5 
at the first discharged-3.2  V state are shown in Figure  4e and 
Figure S11, Supporting Information. The integrated intensity 
for the pre-edge peaks has been partly retained, which verified 
that the oxygen reaction was hystered to a lower voltage range. 
The dispersed distribution of LiMO2 and Li2MnO3 structures 
positively contributes to voltage hysteresis.

The electronic structure analysis was carried out for the 
delithiated configuration with the dispersed distribution. As 
shown in Figure  5, the complex composite of multiple struc-
tures led to the appearance of multiple local environments for 
oxygen after delithiation. The unoccupied states of these oxy-
gens possessed a complex and continuous distribution, which 
was distributed in multiple energy ranges, and were even partly 
higher than the empty orbital of Ni. The sequence of reduction 
reactions from high to low voltage during the discharge corre-
sponds to the filling of unoccupied states from near to far from 
the Fermi level. The energy level distribution of multiple oxygen 

states corresponds to the distribution of reduction from oxygen  
in multiple voltage ranges, even in low voltage, explaining the 
voltage hysteresis phenomenon. Furthermore, the HAADF-
STEM image for the sample at the full charging state (4.8  V) 
observed that the Li-Mn-Mn ordering in some Li2MnO3 struc-
tures was broken and the TM migrated within the plane, as 
shown in Figure 3f. Recently, PG Bruce et al.[31] believe that the in-
plane migration of TM during the deintercalation of lithium pro-
motes the reversible generation of oxygen molecules within the 
lattice, which accounts for the voltage hysteresis phenomenon.  
Here, the dispersion and composite between the Li2MnO3 
structures and the LiMO2 structures greatly facilitated the in-
plane migration of TM, thereby providing vacancies within the 
lattice capable of accommodating oxygen molecules, which in 
turn led to the occurrence of voltage hysteresis. On the whole, 
the voltage hysteresis phenomenon in LRMO materials is 
caused by several factors, and the thermodynamic factor caused 
by the changes in the electron structure in lattice oxygen is one 
of the essential causes of the voltage hysteresis phenomenon. 
The changes in the electronic structure of lattice oxygen are 
caused by a variety of changes in coordination environments, 
including the recombination of multiple structures and the 
formation of molecular oxygen within the bulk. The dispersed 
distribution of LiMO2 and Li2MnO3 structures in the particles 
plays a decisive role in these changes of coordination environ-
ments and is the main factor for the formation of voltage hys-
teresis in LRMO materials. The reversibility of anionic redox as 
well as the probe during electrochemical processes in LRMO 
materials have evolved through many investigations in the 
past research, while the maintenance of the reversibility has 
also been discussed and emphasized such as TM migration, 
the OO dimer, and even the formation of molecular oxygen 
within the bulk. The reaction in the voltage range of 3.0–3.5 V 
in discharge was confirmed for the reduction characteristics of 
oxygen.[9,30] In this work, the reversible reduction characteris-
tics of oxygen were enhanced with the increase of dispersion 
as obtained in the slow GITT reaction as well as in the dQ/dV 
analysis of the first cycle, meanwhile the structure transitions 
that were capable of maintaining the reversibility of anionic 
reduction were captured in STEM. However, although the 
oxygen redox activity arising from the structure distribution 
was confirmed based on the available results, a definitive and 
quantitative oxygen redox reversibility changed by structure dis-
tribution is yet to be achieved. Therefore, the direct probe like 
resonant inelastic X-ray scattering regarding anionic redox is 
being further developed.

3. Conclusions

In this work, we presented the concept of structure distribu-
tion in LRMO materials. Through the in-depth analysis from 
the atomic scale to electronic structure and reaction behavior, 
the distribution of Li2MnO3 and LiMO2 phases was found to 
be the essential origin of the electrochemical reaction behavior 
in LRMO materials. The introduction of dispersibility contrib-
utes to a deeper understanding of the reactive behaviors, such 
as the strong activity of oxygen, the deintercalation ability of Li 
ions, the oxidation and reduction reversibility of anion, and the 

Figure 5. a) Schematic diagram of the electronic structure in the dis-
tribution of multiple complex structures after delithiation. b) O pDOS 
in the multiple local structures at the delithiated state and the pDOS of 
normal Ni.
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explains of voltage hysteresis that has been troubling for a long 
time, and the voltage hysteresis is inseparable from the mainte-
nance of the reversibility. Although the observations confirmed 
that the changes in synthesis conditions leaded to the com-
plex structure distributions and hence affected electrochemical 
behavior, changes in the Li: TM ratio inevitably altered the com-
positions and alterations in the Li content also had an impact 
on the electrochemical behavior. Further work such as ensuring 
the composition ratio while changing other synthesis condi-
tions like roasting temperature and time is being performed, 
resulting in a comparison of compounds with the same compo-
sition but different structure distribution characteristics

4. Experimental Section
Material Preparation: The transition metal (TM) carbonates precursor 

(Mn0.54Ni0.13Co0.13(CO3)0.8 was prepared by a co-precipitation method. 
Stoichiometric NiSO4·6H2O, CoSO4·7H2O, and MnSO4·H2O were 
dissolved with a concentration of 1.0  mol L−1 as the starting solution, 
together with the aqueous solution of 2 mol L−1 Na2CO3, were titrated 
simultaneously by a peristaltic pump into the 20L continuously 
stirred tank reactor to react under 60  °C and constant pH of 8.0. The 
precipitation was obtained by constant stirring and evaporation, and the 
precipitation was centrifuged, filtered, washed, and dried to obtain the 
desired precursor (Mn0.54Ni0.13Co0.13(CO3)0.8.

The precursors were mixed with different ratios of Li2CO3 and 
the sample names were named using the difference in the ratios 
of Li2CO3 to the precursors, that is, L0 (Li:TM ratio of 1.2:0.8, 
Li1.2Mn0.54Ni0.13Co0.13O2), L3 (Li2CO3 mass reduction of 3%, Li:TM ratio 
of 1.164: 0.8), and L5 (Li2CO3 mass reduction of 5%, Li:TM ratio of 1.14: 
0.8) . Then, the mixtures were calcinated in two stages in air, heated to 
450 °C with a heating rate of 3 °C min−1 and calcined at 500 °C for 5 h, 
then heated to 850 °C and calcinated for 20 h.

X-Ray Diffraction and Refinement: XRD patterns were collected by 
the use of Rigaku SmartLab X-ray diffractometer with Cu Kα radiation 
between 10° and 120°.

Aberration Correction Scanning Transmission Electron Microscopy: All 
the cross sectional samples to be observed were treated with the FIB 
technique first to demonstrate the structures from the surface to the 
bulk. AC-STEM was performed using the FEI Titan Themis G3 electron 
microscope equipped with the HAADF detectors at the accelerating 
voltage of 300 kV.

X-Ray Absorption Spectroscopy: Soft XAS spectra of the O K-edge were 
collected at beamline BL02B02 in the Shanghai Synchrotron Radiation 
Facility, Shanghai, China. Soft XAS spectra of the Mn L-edge, Ni 
L-edge, and Co-edge were collected at beamline BL12B in the National 
Synchrotron Radiation Laboratory, Anhui, China.

Electrochemical Test: The CR2032 coin cell was used to test the 
electrochemical performance of the above cathode materials with lithium 
metal as the negative electrode. The positive electrode was made of 80 wt%  
LRMO sample, 10 wt% Super P, and 10 wt% polyvinylidene fluoride, and 
then coated on the surface of the aluminum foil. The mass-loading of 
active materials in the cathode is ≈4.0 mg cm−2. The electrolyte consists 
of 1 m LiPF6 in ethylene carbonate (EC) and diethyl carbonate, and Celgard 
2500 was chosen as the separator. All the above components were 
assembled in the Ar-filled glove box. The galvanostatic tested between 2.0 
and 4.8 V (vs Li/Li+) were carried out by Land CT2001A at 25 °C.

Samples at different charged and discharged states for XRD, XAS, 
and AC-STEM tests were first charged or discharged to different states at 
a rate of 0.05C (10 mA g−1), and then were disassembled in the glovebox, 
and washed thoroughly with DMC. They were maintained in a dry argon 
atmosphere, then were transferred from the argon glovebox to different 
tests (kept under vacuum).

First-Principle Calculations: All of the first-principle calculations were 
performed by the projector augmented wave method[35] based on the 

DFT,[36] as implemented the Vienna ab initio simulation package.[37] The 
strong correlation effect of Mn, Ni, and Co has been modified by the 
DFT with Hubbard U correction,[38,39] and the values of U-J for Mn, Ni, 
and Co ions were set to be 4.5, 6.2, and 3.32  eV, based on the spin-
polarized generalized gradient approximation with the Perdew–Burke–
Ernzerho exchange–correlation functional.[40] The model of each local 
structure has been described in detail in the text. The cutoff energy was 
set to be 520 eV. The total energy converged was set to be 10−5 eV and 
the final force on each atom is less than 0.05 eV Å−1. The Monkhorst–
Pack scheme[41] was selected in the Brillouin zone.
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