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of electrode reaction by suppressing the 
Mn4+/Mn3+ reduction reaction.[3c] Although a 
series of effective coating, doping and struc-
tural design strategies previously reported 
have been put into practice and significantly 
improved the electrochemical performance 
and structural stability from the macro per-
spective, plenty of the underlying and fun-
damental reaction mechanisms have not 
yet been elucidated clearly.[6–8] From a more 
microscopic dimension, root of the decline 
in electrochemical performance include 
escape of oxygen atoms, redox of cations and 
anions, and phase transformation, in which 
such microscopic characterizations require 
cutting-edge technologies. Recently, tremen-
dous efforts have been devoted to investi-
gating complex reaction mechanisms behind 
the structure with the help of state-of-the-art 
characterization techniques.[8]

In general, the superior electrochem-
ical behavior of Li-rich Mn-based cathode 

materials is not only derived from the contribution of tran-
sition metal cations, but also closely related to the anionic 
redox activity, especially reflected in the unique first charge 
process.[9] The initial charge process usually consists of two 
regions: sloping region and plateau region. The first stage 
occurs below 4.4  V, and lithium ions are extracted from the 
lithium layer along with the oxidation of transition metal ions 
to high valence state.[10,11] While the second stage presents a 
long plateau that appears above 4.4 V and stands for the acti-
vation of Li2MnO3 phase. During the plateau region, lithium 
ions are continuously extracted and interact with oxygen in 
the form of Li–O–Li configuration as charge compensation.[12] 
Whereas, the specific role and mechanism of anionic redox 
activity in electrochemical reactions are still in dispute. This 
is because oxygen can participate in both reversible and irre-
versible redox reactions. What kind of intermediate form does 
oxygen take part in the reversible process? Where does the 
irreversible oxygen loss originate from, bulk lattice or electro-
lyte oxidation? How do these two parts contribute to capaci-
ties independently and influence mutually? These issues 
seriously challenge further development and need to be clari-
fied in detail. In addition, the original structure is prone to 
transition metal migration and phase transformation due to 
anionic redox activities.[13,14] It is worth noting that not only 
the intrinsic structure of Li-rich Mn-based cathode materials 
is very complicated, but also its evolution mechanism of 
phase transformation during cycling is even more controver-
sial. Furthermore, the lack of powerful characterization tools 
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1. Introduction

The prosperity of layered Li-rich Mn-based cathode materials, 
represented as xLi2MnO3·(1−x)LiMO2 (M = transition metal), 
has injected new vitality into the next generation of high-energy 
lithium-ion batteries.[1–3] Compared with traditional lithium ion 
cathode materials, such as layered LiCoO2, olivine LiFePO4, and 
Ni-rich cathode materials, Li-rich Mn-based cathode materials can 
deliver high discharge capacities of more than 250 mAh g−1 with 
low cost and low toxicity.[4,5] Li-rich Mn-based cathode materials was 
first proposed by Thackeray and co-workers in 1991, which gained 
extensive attention in the past decade.[1] However, its inherent short-
comings, including low initial Coulombic efficiency, poor cycling 
performance, severe voltage decay, and wide voltage range, hinder 
its practical application in electric vehicles and portable electronic 
devices. In addition, the harsh working environment, especially 
the low-temperature condition, will cause the sluggish kinetics 
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to observe from a microscopic perspective inevitably limited 
the overall understanding of its structural degradation in the 
past. It is not until recently that researchers focus on the reac-
tion mechanisms behind anionic redox and phase evolution 
at molecular and atomic levels, which are mainly responsible 
for capacity fading and voltage decay. These advancements 
have greatly improved our knowledge of Li-rich Mn-based 
cathode materials and provided guidance on how to achieve 
precise multidimensional structure design. As illustrated in 
Scheme 1, we summarize a comprehensive review aimed at 
introducing the latest progress in multidimensional structure, 
phase transformation, and anionic redox activity from a macro 
to a micro perspective. Based on revealing the reaction mecha-
nism, future perspectives are also presented for the inspira-
tion of higher-performance energy storage materials.

2. Relationships between Dimensions  
and Performance
Nanostructured electrode materials for lithium-ion batteries are 
usually beneficial for improving electrochemical performance, 
because the small size can not only shorten lithium-ion diffu-
sion path and provide a large specific surface area for electro-
chemical reactions, but also promote the thermodynamic and 
kinetic factors of the interface electrochemical reaction. So far, 
the structures of Li-rich Mn-based cathode materials, including 
multidimensional structures, core–shell structure, full concen-
tration-gradient structures, and composite structure have made 
significant progress in the past decades.

Multidimensional structure of Li-rich Mn-based cathode 
materials usually refers to the synthesis of energy storage mate-
rials with different dimensions and morphologies via diverse 
methods. Moreover, it tends to be functional structures of 

specific properties with micro or even nanometer-scale feature 
sizes through rational design. On the one hand, it can promote 
the dynamics of the electrode process, especially to ensure the 
smooth progress of the Li+ diffusion at the interface and bulk 
phase. On the other hand, the regular morphology and size 
can further increase the energy density and tap density of the 
Li-rich Mn-based cathode material, thereby improving the utili-
zation of active materials.

The synthesis and preparation of 1D micro–nano-structured 
cathode materials with controllable morphology and compo-
sition is extremely attractive and challenging for the research 
of Li-rich Mn-based cathode materials. 1D micro–nano struc-
ture refers to a micro–nano structure with 1D characteris-
tics including nanorods, nanowires, and nanotubes. The 1D 
micro–nano-structured cathode material can greatly shorten 
the diffusion path of electrons and lithium ions, ensure a 
more sufficient contact area between the cathode material 
and the electrolyte, and suppress the strain during the inser-
tion and extraction of lithium ions. In addition, the 1D Li-rich 
Mn-based cathode material can inhibit the irreversible phase 
transformation during cycling to a certain extent and accel-
erate the dynamic process, thereby improving its intrinsic 
stability. So far, 1D micro–nano-structured cathode mate-
rials are difficult to synthesize due to poor composition and 
shape controllability, uneven size distribution, and difficulty 
in large-scale preparation. For this reason, researchers have 
spent a lot of time and efforts on the synthesis of 1D micro–
nano-structured cathode materials. For example, Lee  et  al.[15a] 
applied Co0.4Mn0.6O2 nanowires and lithium nitrate as precur-
sors at 200 °C to directly synthesize a high-capacity lithium-
ion storage material of Li0.88[Li0.18Co0.33Mn0.49]O2 nanowires 
by hydrothermal method. The obtained nanowires exhibited 
a reversible capacity of 230  mAh  g−1 between 2.0 and 4.8  V, 
even at a high rate of 3600  mA  g−1. It was also reported that 

Scheme 1. Schematic diagram of the mechanism of Li-rich Mn-based cathode materials from a macro to micro perspective.
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the Li1.23Mn0.538Ni0.117Co0.114O2 cathode material composed 
of nanofibers was synthesized through the electrospinning 
process.[15b] A high reversible capacity of 275  mAh  g−1 was 
obtained in the fibrous cathode, which also presented superior 
high-rate capability. In addition, Liu et al.[15c] reported the syn-
thesis and electrochemical application of 1D heterostructured 
spinel/layered Li1.15Ni0.20Mn0.87O2 nanofibers. The synergistic 
effect of the 1D nanostructure and the spinel/layered hetero-
structure improved the charge transfer, Li+ diffusion rate and 
structural stability, thereby increasing the initial Coulombic 
efficiency (100%), rate performance (150  mAh  g−1 at 5C rate) 
and cycle performance (258 mAh g−1 after 70 cycles). Absolutely, 
how to design a general strategy for the large-scale preparation 
of 1D micro–nano-structured Li-rich Mn-based cathode mate-
rials with controllable composition and narrow size distribution 
has received increasing attention in recent years. In respect to 
thermal stability, Ma et al.[15d] proposed a simple, versatile and 
mild approach to construct 1D micro–nano-structured Li-rich 
Mn-based cathode materials with high energy and power den-
sity through reasonable selection of precipitating solvents. It 
was found that lowering the dielectric constant and changing 
the solute–solvent interaction could lower the nucleation bar-
rier. They successfully overcame the difficulties of uneven size 
distribution and uncontrollable aspect ratio of 1D cathode mate-
rials via an optimized ethanol–water cosolvent, and achieved 
the goal of large-scale preparation of 1D cathode materials 
under mild conditions. As shown in Figure 1a, homogeneous 
metal oxalate hydrate (MC2O4·xH2O; M = Mn, Ni, Co, and Li) 
microbars were prepared by precipitation method at room tem-
perature in an ethanol–water cosolvent with optimized ratio. 
The following postannealing treatment transformed the pre-
cursor into the targeted 0.5Li2MnO3·0.5LiNi1/3Co1/3Mn1/3O2 
cathode material in a topological manner, and the overall 
morphology was retained. The FESEM and TEM images in 
Figure  1b–e showed that the obtained sample consisted of 
uniform microbars with lengths of 6.4 ± 0.4 µm and widths of 
1.2 ± 0.2 µm, which was consistent with the bar-like architec-
ture of the MC2O4·xH2O precursor. By controlling the volume 
ratio of ethanol to water during the synthesis process, the 
aspect ratio of the microbar precursor could be adjusted. Fur-
thermore, the HRTEM image in Figure  1f and SAED pattern 
in Figure  1g  demonstrated that the as-prepared sample could 
be well indexed to the layered LiMO2 ( 3R m space group) and 
Li2MnO3 (C2/m space group) phases. It is noteworthy that 
the secondary particles of the microbar inevitably appear poly-
crystalline due to the heat treatment process. To be precise, it 
belongs to a 1D morphology. Based on adjusting the kinetics 
of crystal nucleation and growth with the ethanol–water ratio 
of the precipitation solvent, the coordinated solvent tuning 
strategy was verified to be beneficial for the precise design 
of 1D micro–nano structure. The harsh synthesis conditions 
of 1D micro–nano-structured cathode materials limit its fur-
ther development. How to synthesize cathode materials with 
a controllable size to meet the needs of industrial production 
has become an urgent problem to be solved. In addition, it is 
difficult for traditional nanowires and nanotubes to achieve 
a high-volume energy density. Correspondingly, choosing a 
suitable cosolvent can effectively reduce its nucleation barrier 
and realize large-scale production under mild conditions. By 

adjusting its aspect ratio and directional assembly of 1D nano-
particles into a structure with higher tap density, the volume 
energy density can be appropriately increased.

The most prominent feature of the 2D micro–nano-structured 
cathode material is that it can expose more (010) crystal planes 
that contribute to lithium-ion transport. Additionally, the struc-
ture of the cathode material, especially the surface structure, is 
a key factor in determining the Li+ deintercalation/intercalation 
rate. The ratio of electrochemically active surface for lithium-
ion transport is a key criterion for evaluating the high-rate per-
formance of cathode materials with different nanostructures. 
The 2D micro–nano-structured cathode material can greatly 
improve the rate performance by increasing the yield of the 
(010)-nanoplate material, and enhance the surface electrochem-
ical activity. However, the vast majority of nanoplates are ther-
modynamic equilibrium products by reacting for a long enough 
time under hydrothermal conditions. Therefore, nanoplates are 
always less attractive in terms of rate performance. And the typ-
ical representative of this type of structure is the plate-like nano-
particles. Previously, Wei et al.[16a] reported a crystal habit-tuned 
nanoplate cathode material of Li1.17Ni0.25Mn0.58O2 by adjusting 
the surface structure. As illustrated in Figure 2a, the plane per-
pendicular to the c-axis belonged to the (001) crystal plane, and 
the planes perpendicular to the (001) crystal plane and parallel 
to the a-axis or the b-axis belonged to the (010) and (100) crystal 
planes, respectively. If a 2D nanoplate grew perpendicular to the 
[010] or [100] direction, its surface would gradually be occupied 
by (010) crystal planes, and these crystal planes would become 
active planes for the insertion and extraction of lithium ions. 
Since the crystal growth rate of the high-energy plane is faster 
than that of the low-energy plane, the high-energy plane tends 
to disappear during the growth process, and the surface of the 
grown crystal will be dominated by the low-energy plane. The 
surface energy of (001) plane is lower than that of (010) plane. 
Therefore, (001) nanoplates tend to be thermodynamic equilib-
rium products synthesized under hydrothermal conditions for 
a long enough time in most synthesis routes, which also leads 
to the unsatisfactory rate performance. Different from the pre-
vious synthesis route, the yield of (010) nanoplates is improved 
by shortening the preheating time of the precursor under 
hydrothermal conditions in the crystal habit-tuned nanoplate 
material. The Li1.17Ni0.25Mn0.58O2 material synthesized by the 
hydrothermal method was composed of 5–9 nm 2D nanoplate 
primary particles and exposed more (010) crystal planes prefer-
entially. Consequently, it gained a high initial discharge capacity 
up to 197 mAh g−1 at 6 C rate and could still keep a discharge 
capacity of 186 mAh g−1 after 50 cycles. Moreover, Wang et al.[16b] 
applied the coprecipitation method to synthesize the hydroxide 
precursor Ni0.25Mn0.75(OH)2. As shown in Figure  2b, the sec-
ondary particles with an average size of 1–2  µm were com-
posed of hexagonal shaped nanoplates with a thickness of about 
50  nm and lateral dimensions ranging from 200 to 500  nm. 
And the SAED patterns in Figure  2c–e showed that the pre-
cursor was a composite of a dominating Ni(OH)2 phase and 
a minority Mn3O4 phase. The layered ( 3R m)-layered (C2/m)-
spinel (Fd-3m) cathode material synthesized by this precursor 
obtained excellent electrochemical performance. In the hex-
agonal Li-rich Mn-based layered oxides, lithium ions are more 
likely to move along the a/b-axis ((001) planes), perpendicular to 
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the c-axis. If the surface of the nanoparticle is mostly parallel to 
the (010), (100), and (110) planes, and perpendicular to the (001) 
plane, the intercalation/deintercalation rate of lithium ions will 
be significantly increased. Herein, the 2D nanoplate primary 
particles are abundant in exposed Li+ electrochemically active 
surface, which is conducive to the rapid insertion/extraction of 
Li+, while the micrometer-sized secondary particles can ensure 
the stability of the structure and facilitate the sufficient penetra-
tion of the electrolyte at the electrode interface. The synthesis 
of 2D micro–nano-structured cathode materials often relies on 
hydrothermal and solvothermal methods, which are accompa-
nied by low yields and high budgets. It has also become one of 
the biggest obstacles to the commercialization of 2D structures. 

Besides, how to control the growth process of the 2D structure 
surface to regulate its electrochemical activity remains a diffi-
culty. Generally, the crystal surface will be occupied by crystal 
planes with low surface energy. It is proposed that the reaction 
time and temperature can be adjusted to reduce the surface 
energy of specific crystal plane growth, so as to improve its rate 
performance.

A widely reported research area is the design of hierarchical 
structures, which are micrometer-sized secondary particles com-
posed of nanometer-sized primary particles. The hierarchical 
structures can generally enhance the rate capability of nanopar-
ticles, reduce electrode/electrolyte side reactions, and achieve 
higher micrometer-scale particle density. Currently, the most 

Figure 1. a) Schematic diagram of 1D micro–nano-structured bar-shaped 0.5Li2MnO3·0.5LiNi1/3Co1/3Mn1/3O2 cathode material tuned by ethanol–water 
cosolvent. b) FESEM image of the metal oxalate hydrate precursor (MC2O4·xH2O). c) FESEM image of the 0.5Li2MnO3·0.5LiNi1/3Co1/3Mn1/3O2 cathode 
material. d,e) TEM and HRTEM images of the 0.5Li2MnO3·0.5LiNi1/3Co1/3Mn1/3O2 cathode material. f) HRTEM of the circled region in (e). g) FFT of 
the HRTEM image in (f). Reproduced with permission.[15d] Copyright 2016, Wiley-VCH.
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widely studied and reported hierarchical structure is the 3D 
spherical cathode material. Microsphere secondary particles are 
usually formed by agglomeration of nanosized primary particles. 
The spherical cathode material has excellent fluidity and can be 
prepared on a large scale under mild synthesis conditions, thus 
becoming one of the few morphologies that can meet industrial 
production. It has relatively high economic feasibility and low 
process limitations. In addition, the microsphere secondary 
particles have a higher packing density and tap density, which 
can achieve a higher energy density. However, the microsphere 
particles also have its own shortcomings. Due to the local strain 
during the charge and discharge process, microcracks or even 
breakage is easily generated, which also causes a rapid decline in 
its capacity. Kim et al.[17a] synthesized Li[Li0.19Ni0.16Co0.08Mn0.57]O2 
cathode materials with a specific microstructure and high tap 
density in flowing air by a coprecipitation method. The spher-
ical secondary particles were composed of sphere-shaped 
nanoprimary particles and delivered a high gravimetric spe-
cific capacity of 263 mAh g−1 and a volume specific capacity of  
956 mAh cm−3. Compared with the cathode material composed 
of irregular primary particles, it exhibited a higher packing 
density. This difference was mainly caused by fewer contact 

interfaces and vacancies between spherical primary particles. 
It was reported that the rate performance of Li1.2Ni0.2Mn0.6O2 
spherical cathode material at low temperature could be greatly 
improved by tuning primary particle growth.[17b] To develop high-
rate and cycle-stable cathode materials, Zhang et al.[18a] reported 
a simple and versatile strategy to synthesize a 3D spherical hier-
archical Li1.2Ni0.13Mn0.54Co0.13O2 layered cathode material. After 
mixed with Ni2+, Co2+, and Li+ salts, the urchin-like α-MnO2 
precursor was converted into the target hierarchical structure 
during the sintering process. The discharge capacity of the 
spherical materials was maintained at about 250 mAh g−1 with a 
capacity retention rate of 97% after 50 cycles, and the Coulombic 
efficiency was close to 100%. In addition, Oh et al.[18b] obtained 
the superior long-term energy retention and volumetric energy 
density by preparing 10 µm sized spherical particles composed 
of sub-micrometer-sized flake-like primary particles, as shown 
in Figure 3a–c. They provided a new activation method, which 
overcame the limitation of the larger cathode particles in the 
past, and maximized the volumetric energy density while 
minimizing the damage to bulk materials caused by surface deg-
radation. In this design, the size and shape of the primary par-
ticles effectively reduced the surface area, thereby significantly  

Figure 2. a) Schematic diagram of two nanoplates and their surface structures. Reproduced with permission.[16a] Copyright 2010, Wiley-VCH. b) SEM 
image of the Ni0.25Mn0.75(OH)2 precursor. c–e) SAED patterns of the Ni0.25Mn0.75(OH)2 precursor along different zone axis. Reproduced with 
permission.[16b] Copyright 2013, Wiley-VCH.
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improving surface stability, and greatly facilitated the conduc-
tion of electrons in the primary particles (Figure  3d). Due to 
the simple chemical treatment, the activation problem associ-
ated to the large primary particles was solved. Finally, the excel-
lent long-term energy retention of up to 93% after 600 cycles 
was achieved. This unique engineering method can achieve a 
balance between constructing an ideal structure and achieving 
effective activation. The inevitable volume change of the spher-
ical secondary particles during the insertion and extraction of 
lithium ions will cause irreversible structural changes, which 
greatly hinders the further application. It is proposed that the 
stability of the local structure can be enhanced by adjusting 
the microstructure. Specifically, grain refinement and adjust-
ment of the primary particle shape can be applied to suppress 
internal strain in the high-charge state, thereby suppressing the 

formation of microcracks during cycling. According to thermo-
dynamics, the growth of a certain crystal plane is closely related 
to its surface free energy. Xu et al.[18c] chose transition metal car-
bonate as the precursor, combined with first-principles calcula-
tions to synthesize orthogonally arranged nanoplate structures. 
It was shown in Figure 3e that ethanol molecules had a strong 
tendency to be adsorbed on the (001) surface of the precursor. 
Transition metal ions reacted with CO2 to form precipitates, 
which gradually nucleated and grew into particles in Figure 3f. 
With the increase of ethanol content, the obtained precursors 
gradually changed from microspheres to orthogonally arranged 
nanoplates to flower-shaped architecture (Figure  3g–k). The 
specific orthogonally arranged Li-rich layered oxide nanoplates 
maintained the best cycle and rate capability owing to the aniso-
tropic Li+ diffusion tunnels.

Figure 3. a,b) SEM images of the Li-rich Mn-based spherical cathode materials. c) HRTEM image of cathode materials. d) Schematic diagram of elec-
tron migration through hierarchical structure. Reproduced with permission.[18b] Copyright 2014, American Chemical Society. e) DFT calculation of the 
adsorption energy of ethanol molecules on different terminal surfaces. f) Orthogonally arranged nanoplates induced by the ethanol. g–k) SEM images 
of carbonate precursor with different content of ethanol. Reproduced with permission.[18c] Copyright 2017, American Chemical Society.
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Moreover, numerous studies have made efforts to reveal a 
more direct connection between dimensions and performance 
by the electrochemical properties of comparing cathode mate-
rials with different dimensions. These structures usually have 
the same chemical composition and different morphologies 
through a variety of synthetic methods. For example, Fu et al.[19] 
constructed Li1.2Mn0.56Co0.12Ni0.12O2 cathode materials with 
different morphologies, from 1D rod-like structure to 2D plate-
like and 3D spherical structures, and tried to reveal the rela-
tionship between different structures and electrochemical per-
formance through a systematic study as shown in Figure 4. It 
was found that 1D microrod particles exhibited excellent cycle 
stability at high rates, which was far superior to the 2D plate 
and 3D spherical structures. This was attributed to its unique 
1D porous layered structure, which was conducive to the rapid 
transport of lithium ions in the reversible electrochemical pro-
cess and high structural stability. Also, it was revealed that the 
polarity of the solvent played an important role in controlling 
the morphology of the precursor. Actually, for cathode mate-
rials with the same composition and different morphologies, 
the factors that affect their electrochemical performance are 
diverse. The surface characteristics of cathode materials with 
different dimensions also exert an important influence on 
their structural stability and electrochemical performance. In 
view of this, Cui  et  al.[7] synthesized Li1.2Ni0.13Co0.13Mn0.54O2 
cathode materials with different morphologies through diverse 
methods, and discussed the relationship between structure 
and performance from the perspective of surface oxygen 
vacancies. Theoretical calculations and characterization results 
showed that the abundant oxygen vacancies on the surface of 
the cathode material could effectively reduce the energy bar-
rier for lithium-ion migration, thereby greatly promoting the 
kinetic process. Correspondingly, the prepared 1D rod-like par-
ticles delivered an initial discharge capacity of up to 306.1 mAh 
at 0.1C rate and maintained a capacity retention of 91.0% after 
200 cycles at 0.2C rate.

As a special 3D micro–nano structure, the core–shell struc-
ture of the cathode material usually exhibits a spherical mor-
phology, which the core layer and the shell layer have different 
chemical compositions. Compared with 3D spherical particles 
with uniform chemical composition and element distribution, 
the core–shell structure can reduce unnecessary interface side 
reactions with the electrolyte and improve the thermal sta-
bility of the structure. This artful and unique structural design 
provides a good guidance and scientific significance for con-
structing a high-performance and high-stability dimensional 
structure. Generally, core–shell structure of the cathode material 
selects a Ni-rich material with high specific capacity as the core, 
and uniformly coats the outer layer with a Mn-rich material 
with high stability as the shell, thereby achieving the synergy 
of the two components. In order to meet the requirements of 
cathode materials for the high specific capacity, high structural 
stability and high thermal stability, Sun et al.[20] proposed a new 
concept of a core–shell structured cathode material. A material 
with a higher nickel concentration can provide higher capacity, 
but the surface is prone to unnecessary side reactions with the 
electrolyte, resulting in poor interface stability.[20] For the core–
shell structure, this structure usually uses a nickel-rich mate-
rial as the core layer and a manganese-rich material as the shell 
layer, which can exhibit high capacity while maintaining high 
thermal stability, as shown in Figure 5a. Initially, it is widely 
used to improve the electrochemical performance of Ni-rich 
cathode materials and has achieved significant effects. It is well 
studied that the Ni-rich cathode material owns a higher capacity, 
but the higher nickel content on the surface is prone to react 
with the electrolyte at the high-charged state, leading to severe 
gas production. In order to solve this problem, Sun  et  al.[20a] 
first synthesized and reported a microscale core–shell structure 
as the cathode material, that is, Li[Ni0.8Co0.1Mn0.1]O2 with high 
capacity was applied as the core layer and Li[Ni0.5Mn0.5]O2 with 
excellent thermal stability was applied as the shell layer. The 
core–shell structure could achieve the synergy of high specific 

Figure 4. SEM images of the precursor and cathode of microrod a,b), plate c,d), microsphere e,f), and irregular particles g,h). Comparison of the cycle 
and rate performance i,j). Reproduced with permission.[19] Copyright 2017, Elsevier.
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capacity and high thermal stability. As a new type of cathode 
material, Li[(Ni0.8Co0.1Mn0.1)0.8(Ni0.5Mn0.5)0.2]O2 exhibited a 
capacity retention record of 98% after 500 cycles, which was 
of great significance for the development of cathode materials 
with high energy density and cycle stability. However, the core–
shell structure also has inherent shortcomings, especially the 
serious interface problem. Due to the different volume changes 
during charge and discharge process, cracks can be easily gen-
erated at the boundary between the core layer and the shell 
layer.

Based on the core–shell structure, a new structure with the 
characteristics of the concentration gradient aimed at removing 
the barrier of the structural mismatch is evolved and developed. 
The full concentration-gradient structure directly connects the 
end of the Ni-rich core layer with the concentration-gradient 
Mn-rich shell layer to form a continuous elemental composi-
tion change. It can effectively suppress the formation of micro-
cracks at the boundary and simultaneously alleviate the surface 
reconstruction. Therefore, Sun’s group synthesized a new lay-
ered lithium nickel cobalt manganese oxide with an average 
composition of Li[Ni0.68Co0.18Mn0.18]O2.[20b] In this material, 
each particle utilized LiNi0.8Co0.1Mn0.1O2 as the bulk material 
surrounded by an outer layer with a concentration gradient in 
Figure 5b. From the center of the particle to the surface, the Ni 
concentration gradually decreased, while the Mn and Co con-
centrations increased (Figure 5c–f). The higher nickel content 
of the inner layer could satisfy higher energy density, while the 
increasing manganese content of the outer layer could ensure 
excellent cycle performance and thermal stability. The half-cell 
test indicated the core–shell structure with a concentration 

gradient gained a discharge capacity of 209  mAh  g−1 and a 
capacity retention of 96% after 50 cycles under 55 °C. Moreover, 
they developed a cathode material with a full concentration-
gradient structure.[20c] It not only achieved a high overall energy 
density, but also maintained the unprecedented cycle stability 
with a capacity retention of 90% after 1000 cycles in a full cell. 
The Li-rich Mn-based cathode material also takes advantage 
of the core–shell structure to improve its poor thermal sta-
bility and voltage decay. Li et al.[21] designed and synthesized a 
core–shell structure with 67 mol% of core with the composition 
Li1+x(Ni0.67Mn0.33)1−xO2 and 33 mol% of shell with the composi-
tion Li1+y(Ni0.4Mn0.5Co0.1)1−y. The EDS mapping results showed 
clear Mn-rich shells, Co-rich shells and Ni-rich cores in the 
hydroxide precursor. After high-temperature sintering and lithia-
tion process, the obtained cathode material retained the Mn-rich 
shell, while the Co element was evenly distributed throughout 
the particles. Compared with samples containing only core or 
shell components, the 0.67Li1+x(Ni0.67Mn0.33)1−xO2·0.33Li1+y 
(Ni0.4Mn0.5Co0.1)1−yO2 series delivered a reversible initial 
capacity of 218  mAh  g−1 with a capacity loss of 30  mAh  g−1 
and a capacity retention of 98% after 40 cycles. Most recently, 
Wu  et  al.[22] designed a series of full concentration gradient-
tailored agglomerated-sphere Li-rich Mn-based cathode mate-
rials through the coprecipitation method. The gradient-tuned 
Li-rich Mn-based cathode material could inhibit the transfor-
mation to a spinel structure during cycling, optimize electro-
chemical stress and inhibit Jahn–Teller effect. Therefore, it 
could significantly reduce voltage decay, enhance rate perfor-
mance, and improve thermal stability. The Li-rich Mn-based  
cathode material with medium slope gradient showed the best 

Figure 5. a) Schematic diagram of the core–shell structure and SEM image of core–shell Li[(Ni0.8Co0.1Mn0.1)0.8(Ni0.5Mn0.5)0.2]O2 particle. Reproduced 
with permission.[20a] Copyright 2005, American Chemical Society. b) Schematic diagram of cathode particles surrounded by a concentration gradient 
outer layer with a Ni-rich core. c–f) SEM images and EPMA line scan of the hydroxide precursor and lithiated oxide. Reproduced with permission.[20b] 
Copyright 2009, Nature Publishing Group.
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electrochemical performance with a very low average voltage 
decay of 0.8 mV per cycle. It is worth noting that the precursor 
should avoid interdiffusion of transition metal ions during the 
sintering process to maintain its concentration gradient. To 
be precise, the preparation of the precursor and the sintering 
process jointly determine the final core–shell structure and 
concentration-gradient structure. Additionally, the buffer layer 
can be applied to improve its interface compatibility. From the 
core–shell structure to the concentration-gradient structure, it 
is not difficult to find that the composition and element distri-
bution of the cathode material are critical to its electrochemical 
performance. The strategy of element concentration-gradient 
adjustment also has important guiding significance for other 
energy storage materials and electrocatalysis fields.

The composite structure can be obtained by mixing the Li-rich 
Mn-based cathode material together with a lithium-ion interca-
lation host material to recapture lithium ions that cannot return 
to the layered structure, thereby improving the initial Cou-
lombic efficiency. Manthiram’s group[23a] took the lead in syn-
thesizing the Li[Li0.2Mn0.54Ni0.13Co0.13]O2-Li4Mn5O12 composite 
and Li[Li0.2Mn0.54Ni0.13Co0.13]O2-LiV3O8 composite through a 
simple blending method, and found that a certain amount of 
Li4Mn5O12 and LiV3O8 could both effectively reduce the irrevers-
ible capacity loss in the first cycle. This was mainly due to the 
ability of Li4Mn5O12 and LiV3O8 materials to accept lithium ions 
extracted from the Li[Li0.2Mn0.54Ni0.13Co0.13]O2 material that were 
not able to be returned. As a result, an initial Coulombic effi-
ciency of nearly 100% and a high first-cycle discharge capacity 
of up to 280 mAh g−1 have been attained. Afterward, their group 
also tried to mechanically mix the lithium-free insert VO2 with 
Li-rich Mn-based cathode materials and obtained a similar 
effect.[23b] Besides, Wu et al.[24] utilized a high-energy ball milling 
process to mix the Li[Li0.2Mn0.54Ni0.13Co0.13]O2 material with the 
electrochemically active material MoO3. By analyzing the dQ/
dV curves, it was found that MoO3 could compensate for the 
lithium sites in the Li-rich layered oxide by providing additional 
lithium insertion sites. As the content of MoO3 increased from 0 
to 20 wt%, the initial irreversible capacity loss of the composite 
material decreased from 81.8 to 1.2 mAh g−1.

Whether by designing the morphology and dimensions 
of the cathode material, or adjusting the atomic concentra-
tion gradient from the inter to the outer layer of the particles, 
researchers are trying to achieve the goal of improving electro-
chemical performance from the following aspects: i) Nanotech-
nology can effectively shorten the diffusion path of lithium ions 
in the primary particles, and the primary particles can expose 
more Li+ electrochemically active surfaces, especially the (010) 
crystal plane, which facilitates the rapid insertion and extrac-
tion of lithium ions. ii) Since Ni element can provide higher 
energy density and average voltage and Mn element helps to 
enhance structural stability and thermal stability, synergistic 
effects can be obtained by adjusting the concentration gradient 
of specific elements. iii) By blending the cathode material with 
another lithium-ion intercalation host, the lithium ions that 
cannot return to the cathode layered structure can be recap-
tured to improve the initial Coulombic efficiency. Other strate-
gies, like surface coating and bulk doping, have also played an 
important role in improving the electrochemical performance 
and structural stability.

To understand the structure–performance relationship based 
on the above results, it is clear that Li-rich Mn-based cathode 
materials could be designed with different dimensions and mor-
phologies through finding delicate synthesis methods, and some 
unique structure features are generally helpful for improving 
structural stability and electrochemical capacity. However, there 
is actually a lack of generally instructive significance for two 
key problems: one is what the general regulation mechanism 
for structures is, and the other is how the unique structures 
influence exactly the final performance. The former requires a 
fundamental understanding on crystal nucleation and growth 
processes for the special Li-rich Mn-based cathode materials, and 
the latter needs more deep researches extended into both crystal 
phase level and electrode fabrication, because the final perfor-
mance is easily affected by so many factors such as grain size, 
crystal boundary, defect, surface features and electrode texture. 
Therefore, synthesis and deep research of bulk single crystal 
materials could be an effective approach to realize dynamics 
and thermodynamic processes of the unique structured Li-rich 
Mn-based cathode materials. On the other hand, some typical 
structures that have been proven relatively stable in cycling by 
many works from different research groups, e.g., orthogonal, 
should be carefully investigated common characteristics of 
crystal including cation mixing and phase transformation.

3. Evolution of Phase Transformation

Most researches have made efforts to promote the kinetic pro-
cess and thermal stability by constructing cathode materials of 
different dimensions to achieve the purpose of improving cycle 
capability and suppressing voltage attenuation. Essentially, the 
capacity and voltage decay are rooted in the irreversible phase 
transformation during cycling. Cathode materials of different 
dimensions have differences in appearance, but in essence, 
they all belong to a layered structure. Enhancing the stability 
of the layered structure and reducing the mixing of cations is 
the essence of constructing structures with different dimen-
sions. Therefore, studying the phase transformation process 
of the layered structure has important guiding significance for 
deep understanding of the construction of dimensional struc-
ture. Although the influence of dimensionality on the electro-
chemical performance of cathode materials can be reflected 
in lithium-ion conduction, electrode process kinetics, and 
thermal stability, in-depth understanding of the molecular 
phase transformation process still requires a systematic study 
toward the microreaction mechanism behind. For example, the 
morphology and size of the particles on the macro scale can 
be clearly observed, but the phase composition of the original 
structure on the molecular level is still in dispute. In the syn-
thesis process of cathode materials, how do sintering process, 
especially the temperature, affect the phase structure of the pre-
cursor? The phase transformation is considered to be closely 
related to the capacity decay and voltage fading, but when the 
phase transformation process occurs and how it develops over 
cycling remains unclear. With the development of state-of-the-
art characterization techniques, these problems have gradually 
gained a clearer explanation. This also helps people gradually 
change their cognition from a macro- to a microperspective.
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The structural formula of Li-rich Mn-based cathode materials 
can usually be written in three different notations, including 
xLi2MnO3·(1−x)LiMO2, xLi[Li1/3Mn2/3]O2·(1−x)LiMO2, and 
Li1+xM1−xO2 (M = transition metal).[25–27] Since its emergence, 
the claims about the phase composition of its original structure 
have been controversial. Many studies have tried to explain its 
complex structure by revealing the phase evolution mechanism 
in the synthesis process. Besides that, the oxygen release due 
to anionic redox can lead to lattice distortions and defects in 
microstructure, such as voids inside the particles.[28–31] Addi-
tionally, it will further promote the migration of transition 
metals into lithium sites during cycling, thereby initiating a 
phase transformation from layered to spinel or even rock-salt 
phases.[32–34] These processes are closely related to voltage decay 
and capacity decay, which is also the focus of current research. 
Herein, the activities on crystal lattices, ionic and atomic levels 
are discussed to understand what happens to the Li-rich Mn-
based cathode materials during charge–discharge process.

3.1. Phase Composition

It is very necessary to understand the lattice structure of Li-
rich Mn-based cathode materials, because it will significantly 
influence the electrochemical performance. In terms of its 

phase composition, the structure of Li-rich Mn-based cathode 
materials is usually regarded as a solid solution or a nanoscale 
composite structure composed of layered LiMO2 and layered 
Li2MnO3, both of which can be considered as the layered 
α-NaFeO2-type rock salt structure.[35–40] The crystal structure 
models of Li-rich Mn-based cathode materials, LiMO2 and 
Li2MnO3 are shown in Figure 6a,b. In general, LiMO2 (M = Ni, 
Co, Mn, etc.) possesses a hexagonal layered structure with the 
space group of 3R m, and the most typical one is LiCoO2. And 
Li2MnO3 belongs to the monoclinic layered structure with the 
space group of C2/m. Structurally, these two components are 
very similar, which also accounts for the complexity of the 
structure of Li-rich Mn-based cathode materials. Both LiMO2 
and Li2MnO3 have a cubic closely packed oxygen arrays, and all 
octahedral sites are occupied by Li or transition metals. Since 
Li2MnO3 can be written into Li[Li1/3Mn2/3]O2, it can be under-
stood that lithium ions occupy a third of the transition metal 
layer. From the X-ray diffraction (XRD) results of Li-rich Mn-
based cathode materials, the main diffraction peaks can corre-
spond well to the 3R m space group. And the weak short-range 
ordered diffraction peak appearing at 2θ  = 20°–25° is mainly 
due to the ordered arrangement of Li+/Mn4+ superlattices, 
which can be indexed to the C2/m space group.[41–43] Synchro-
nous X-ray diffraction (SXRD) patterns show that in the range 
of 2θ  = 6°–8°, the weak reflections of (020), (110), and (−111) 

Figure 6. a) Schematic diagram of Li-rich Mn-based cathode materials. Reproduced with permission.[35] Copyright 2015, Elsevier. b) Crystal structure 
models of LiMO2 and Li2MnO3. Reproduced with permission.[36] Copyright 2015, American Chemical Society. c) Neutron diffraction patterns of pris-
tine Li[Li0.144Ni0.136Co0.136Mn0.544]O2 materials. d) High-resolution transmission electron microscopy (HRTEM) and high-angle annular dark-field-STEM 
(HAADF-STEM) image of pristine Li[Li0.144Ni0.136Co0.136Mn0.544]O2 materials. e) Electron-diffraction (ED) pattern of pristine Li[Li0.144Ni0.136Co0.136Mn0.544]O2  
materials. Reproduced with permission.[46] Copyright 2016, Nature Publishing Group.
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lattice planes correspond to the monoclinic Li2MnO3 phase of 
the C2/m space group in the Li-rich Mn-based cathode mate-
rial. However, the XRD results reflect more on the average 
crystal structure. More advanced characterization techniques 
are needed to better understand the pristine phase composition 
of Li-rich Mn-based cathode materials.

In order to gain more direct evidence, many advanced instru-
ments such as time-of-flight Neutron diffraction (TOF ND)  
patterns, high-resolution transmission electron microscopy 
(HRTEM) combined with electron energy loss spectroscopy 
(EELS), aberration-corrected scanning-transmission electron 
microscopy (STEM), and high angle annular dark field scan-
ning transmission electron microscopy (HAADF-STEM) 
have been used to excavate structural information. There are 
two main standpoints about the phase composition of Li-rich 
Mn-based cathode materials. One standpoint is that it is a 
solid solution containing both LiMO2 and Li2MnO3 compo-
nents, which obeys Vegard’s law. For example, Storey  et  al.[44] 
first reported a new series of layered manganese oxide cath-
odes of Li2+xCryMn2−yO4+δ, which were ascribed to the solid 
solution. It was demonstrated that the layered structure could 
be considered as a solid solution of Li2MnO3 and LiCrO2 by 
focusing on Li1.2Cr0.4Mn0.4O2. In addition, Jarvis  et  al.[45] used 
a combination of diffraction scanning transmission electron 
microscopy (D-STEM), aberration-corrected scanning trans-
mission electron microscopy (STEM), and STEM computer 
simulations, for the first time, to show Li[Li0.2Ni0.2Mn0.6]
O2 formed a solid solution at the atomic level. According to 
their results, this material belonged to the C2/m symmetry. 
Compared with X-ray diffraction (XRD), neutron diffraction 
technique (ND) is more sensitive to light elements, espe-
cially Li and H elements. In Figure 6c, TOF ND patterns with 
Rietveld refinement conducted by Meng’s group not only cal-
culated the detailed unit cell parameters of Li-rich Mn-based 
cathode materials, but also accurately obtained the amount 
of oxygen vacancies in its particles.[46] Furthermore, the ND 
results demonstrated that the sample was a solid solution of 
LiTMO2 ( 3R m) phase and Li2MnO3 (C/2m) phase. Besides, 
the HRTEM, HAADF-STEM, and ED images also exhibited 

3R m symmetry as shown in Figure  6d,e. On the other hand, 
many studies support the standpoint of nanocomposite struc-
ture proposed by Thackeray  et  al.,[27] which means that the 
Li2MnO3-like and LiMO2-like nanodomains result in short-
range order rather than a full solid solution. It was revealed in 
their study that the structure of xLi2MnO3·(1−x)LiMO2 mate-
rials consisted of nanometer regions similar to Li2MnO3 and 
LiMO2, confirming the composite properties of these materials. 
An important reason to support this view is that the Li ions 
in the transition metal (TM) layer of Li-rich Mn-based cathode 
materials are not enough to maintain the ratio of 1Li/2TM 
found in Li2MnO3. This also explains why several studies find 
evidence of nanodomains composed of both Li2MnO3-like and 
LiMO2-like components. Yu  et  al.[47] applied atomic-resolution 
scanning transmission electron microscopy (STEM) to provide 
strong evidence for the intergrowth of a rhombohedral LiMO2 
structure and a monoclinic Li2MnO3 structure coexisting in 
the studied Li1.2Mn0.567Ni0.166Co0.067O2 material. More pre-
cisely, the domains with these two phases were separated by 
the (001)rh/(103)mon plane along the [001]rh/[103]mon direction, 

which strongly proved the local structural changes of Li-rich 
Mn-based cathode materials. The controversy about the compo-
sition structure of Li-rich Mn-based cathode materials is likely 
to continue, because various factors including Li content, sin-
tering rate, elemental composition, and synthesis temperature 
will affect it.

The overall performance of Li-rich Mn-based cathode mate-
rials is closely related to its phase composition and synthetic 
process. Based on the existing evidence, we are more inclined 
to believe that the Li-rich Mn-based cathode material is formed 
by the alternating growth of Li2MnO3 and LiMO2 nanodomains, 
rather than a uniform single phase. The inevitable involvement 
of oxygen release, atomic rearrangement and transition metal 
ion reduction during heat treatment cause the complexity of 
its phase composition. Therefore, in order to obtain a cathode 
material with excellent performance, it is necessary to design 
a material with a fine layered structure. Also, the calcination 
process is very important to its phase composition. It is pro-
posed that the heat treatment process should maintain thermal 
uniformity, fast and efficient thermal process and low heating 
budget. In addition, the phase composition of the surface and 
bulk phase of the Li-rich Mn-based cathode material may be 
different. The spinel phase is more likely to exist on the sur-
face. Therefore, optimizing the phase composition of its sur-
face structure may be of great significance for improving the 
stability of its overall structure.

3.2. Microstructural Changes

As for Li-rich Mn-based cathode materials, where and how the 
microstructural changes caused by stress and strain occur and 
evolve have not been thoroughly studied or elaborated. Further-
more, the reversible anionic reaction in the bulk can also influ-
ence the local structure, promote transition metal movement 
and trigger transformations based on strain and crystal defects. 
In order to observe the pore formation and structural change 
of Li-rich cathode materials during the electrochemical process, 
Hu  et  al.[48] conducted atomic resolution annular dark field 
STEM imaging (ADF-STEM), space-resolved electron energy 
loss spectroscopy(EELS) and ADF-STEM tomography imaging 
technique to reconstruct the 3D internal structure of Li1.2Ni0.15
Co0.1Mn0.55O2 particles in the pristine state and after 15 cycles. 
As shown in Figure 7b, it was clear to see that a new large pore 
group was formed inside the cycled particles (15 cycles) from 
the qualitative analysis results of 3D reconstruction in contrast 
to the pristine sample (Figure 7a). By comparing the pore size 
distribution (Figure  7c–f), it could be inferred that the new 
large pores formed during cycling were closely related to the 
irreversible oxygen loss process, which left nucleating vacan-
cies on the surface of particles. Tran  et  al.[49] proposed before 
that oxygen ions would migrate from the bulk to the surface 
under the formation of oxygen vacancies, while transition metal 
ions migrated from the surface to the bulk as a result of lat-
tice densification. It is worth noting that the subsequent differ-
ential electrochemical mass spectrometry (DEMS) test results 
detect the oxygen release in the form of O2 under high charging 
potential. In order to further illuminate the formation nature of 
pores during cycling, it is speculated that the newly generated 
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pores are neither entirely concealed in the bulk phase of par-
ticles, nor entirely exposed on the surface of the electrolyte 
and particles. On the contrary, they tend to accumulate in the 
vicinity of oxygen diffusion channels in the form of microstruc-
tural defects, such as dislocations, cracks, etc., and then with 
the increase in size and number, further promote microstruc-
tural changes, and ultimately accelerate oxygen loss and voltage 
decay. Moreover, Li et al.[50] studied two different types of crys-
talline defects in Li2MnO3 during the delithiation stage and 
oxygen activity by applying in situ high-resolution transmission 
electron microscopy (HRTEM) combined with density func-
tional theory (DFT) calculations. On one hand, stacking faults 
might be related to the reversible anionic redox due to the 
lower activation energy. On the other hand, dislocations were 
likely to generate at a higher potential and assist oxygen atoms 
to transfer to the surface of particles, and thus evolve with irre-
versible oxygen loss.

Additionally, Yan  et  al.[51] also confirmed that nanovoids 
were created in the bulk of particles by using 3D tomographic 
reconstruction technology to visualize the formation of nano-
voids during cycling. It not only showed the spatial distribu-
tion of nanovoids, but also revealed the lattice reconstruction 
and mass loss due to the formation of nanovoids. In order to 
further understand how nanovoids propagate and evolve in a 
single particle, STEM-HAADF imaging was conducted to track 
the nanovoid-populated area. Through successive observation of 
Li1.2Mn0.6Ni0.2O2 cathodes with different cycles, it could be seen 
that the formation of nanovoids started from the surface of the 
particles, and gradually propagated and expanded to the bulk 

phase over cycling. As shown in Figure 8, the thickness of the 
degradation layer associated with nanovoids gradually increases 
with the increase of cycle number. After 45 cycles, disordered 
region appears in the interior of the pristine layered structure, 
which is inseparable from cation mixing. In the long cycling, 
some smaller particles even suffer from severe structural deg-
radation due to a higher nanovoid density. Corresponding 
composition analysis shows that the formation of nanovoids is 
accompanied by oxygen release and lithium depletion under a 
high charge potential. The formation and evolution process of 
nanovoid-populated area indicates the injection of oxygen vacan-
cies from the particle surface into the bulk lattice during cycling. 
Previous studies have also reported that this activation process 
promoted the migration of transition metal ions into the lithium 
layer, exacerbating structural degradation.[52–56] This provides a 
new view for understanding the relationship between anionic 
redox behavior and lattice structure transformation.

3.3. Phase Transformation during Synthesis

It is well known that the phase composition and pristine 
structure of Li-rich Mn-based cathode materials are com-
plex, and its most widely accepted structural formula is: 
xLi[Li1/3Mn2/3]O2·(1−x)LiMO2, of which Li[Li1/3Mn2/3]O2 can be 
written as Li2MnO3. Among them, Li2MnO3 component cor-
responds to the monoclinic phase (space group of C2/m), and 
LiMO2 component where M is usually a 3d transition metal 
belongs to the hexagonal structure(space group of 3R m). In order  

Figure 7. 3D electron tomography results of Li1.2Ni0.15Co0.1Mn0.55O2 cathode materials. a,b) Volume renditions and progressive cross-sectional images 
of particles in the pristine sample and after 15 cycles. c,d) The size distribution of internal pores generated in the pristine cathode weighted according 
to occurrence and volume, respectively. e,f) The size distribution of internal pores generated in the cathode after 15 cycles weighted according to occur-
rence and volume, respectively. Reproduced with permission.[48] Copyright 2018, Nature Publishing Group.
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to gain more phase information, it is essential to study the phase 
transformation during the synthesis process. Unfortunately, 
the original phase formation and transformation mechanism 
of the composite structure of Li-rich Mn-based cathode mate-
rials during synthesis have not been fully elucidated, and 
its electrochemical performance is often closely related to 
the preparation procedure. Therefore, it is very important to 
explore the relationships of structure-based lithiation reaction, 
oxygen incorporation and phase transformation in the calcina-
tion process. Hua  et  al.[57] studied the phase transformation 
mechanism of Li[Li0.2Ni0.2Mn0.6]O2 cathode materials during 
the synthesis process via a microwave heating method. In the 
study, hydroxide precursors were synthesized by the copre-
cipitation route and Li2CO3 was selected as lithium source. 
By utilizing in situ high-temperature synchrotron radiation 
diffraction technology to track the phase transformation of 
the lithium-free hydroxide precursor during heating, it was 
found that it was impossible to obtain a layered structure only 
by heating the precursor without a lithium source (Figure 9a). 
After mixing with the lithium source, the initial precursor was 
dehydrated under high temperature to form a cubic spinel 
phase (Fd-3m). When the temperature rose to 550 °C, it gradu-
ally transformed into a rock salt phase (Fm-3m) and two dif-
ferent types of layered phases (C2/m and P3m1), and these 
two different layered phases were formed on the surface of the 
crystal in contact with the lithium source in Figure  9b. After 
the temperature reached 740 °C, all of them were converted 
into a monoclinic layered phase (C2/m) and a rock salt phase. 
Driven by the lithium-ion concentration gradient, lithium ions 

behaved a strong tendency to enter the interior of the crystal, 
reflecting the instability of the overlithiated structure in the 
reaction system. At a higher temperature (up to 840 °C), the 
rock salt phase eventually formed a monoclinic layered phase, 
which lithium ions and transition metal ions were arranged at 
different atomic ordering. Besides, it pointed out that lithium 
and oxygen gradually entered the spinel skeleton formed by 
the precursor as the microwave heating temperature increased, 
thereby continuously forming the rock salt phase until finally 
forming a layered phase as shown in Figure 9c. This provides 
a significant theoretical basis for understanding the effect 
of lithium–oxygen incorporation on the phase transforma-
tion during synthesis and the original structure of the Li-rich 
Mn-based cathode material. Moreover, it also provides impor-
tant guidance for optimizing the synthesis path and sintering 
process of Li-rich Mn-based cathode materials.

Not only that, Hua  et  al.[58] also revealed the depend-
ence of the phase transformation on the lithium content 
in the synthesis process through a systematic research 
of Li[Li0.2Ni0.2Mn0.6]O2 cathode material. According to a 
series of thermodynamic studies on the LixNi0.2Mn0.6Oy 
(0.00  ≤  x  ≤  1.52), it is disclosed that it appears as a thermo-
dynamically stable cubic spinel phase with the space group 
of Fd-3m at a lower lithium concentration (0.00 ≤ x  <  0.40). 
Lithium ions are inserted into tetrahedral sites of the host 
structure in this stage. As the lithium content further 
increases (0.40 < x <  1.20), there will be a region where three 
phases coexists: a Li-poor spinel phase with the space group 
of Fd-3m, a Li-containing rock salt phase with the space group 

Figure 8. Nanovoid distribution of Li1.2Mn0.6Ni0.2O2 cathode materials in different cycles. The STEM-HAADF images represent the gradual evolution of 
nanovoid-populated region from the surface to the bulk of particles over cycling. a,b) After 5 cycles. c,d) After 45 cycles. e,f) After 200 cycles. Reproduced 
with permission.[51] Copyright 2019, Nature Publishing Group.
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of Fm-3m, and a Li-rich layered phase with the space group of 
C2/m. More specifically, the percentage of the layered phase 
accounts for 82% when the x increases to 1.20, which indi-
cates a gradual transformation toward layered structure. More 
and more lithium ions are going to lie in the octahedral sites, 
taking part in the formation of the layered and rock salt phase. 
After the lithium content exceeds the predetermined value 
of 1.2, all other nonlayered phases will be converted into the 
layered structure. Synchronous diffraction results show that 
most of the diffraction peaks correspond to the rhombohedral 
phase with the space group of 3R m and some weak diffrac-
tion peaks belong to the monoclinic phase with the space 
group of C2/m. The analysis of cathode materials cycled for 
373 days revealed that pristine layered structure transformed to 
Li-poor spinel phase and disordered rock salt phase, which was 
mainly due to the release of Li2O at high potential over long 
cycling. As shown in Figure 10, a surface-bulk-limited reac-
tion is proposed to explain the formation mechanism of Li-rich 
Mn-based cathode materials. During the rapid heating pro-
cess, the Li-free spinel phase will be completely transformed 
into a disordered rock salt phase due to insufficient reaction 
time for cation ordering. Under high-temperature conditions, 
the activation energy barrier of the transformation from rock 
salt-containing intermediates to Li-rich cathode materials can 
be easily broken through, but at room temperature, this acti-
vation energy barrier can hinder the thermodynamic phase 
transformation. This also explains why the layered structure is 
more likely to transform into Li-poor spinel phase or even rock 
salt phase in the loss of Li2O over long cycling.

3.4. Phase Transformation during Cycling

The irreversible phase transformation from the layered struc-
ture to a new phase due to oxygen loss and Li/Ni mixing of the 
Li-rich Mn-based cathode material during cycling will not only 
seriously affect its structural stability, but also be an important 
cause of voltage decay and capacity fading. Although the mech-
anism of phase transformation in long cycling has not been 
fully understood, this new phase is commonly represented as 
a spinel-like phase. Previously, numerous studies have provided 
direct evidence of the expanding spinel-like phase domains with 
the help of state-of-the-art techniques.[59–63] Gu et al.[59] applied 
STEM-HAADF to study the formation of spinel phase domains 
of Li-rich Mn-based cathode material after 60 cycles. As shown 
in Figure 11a, two sets of clear lattice fringes indexed to the 
planes (001) and (111) of the spinel phase have been found, and 
most of the spinel domains are distributed in the entire parti-
cles with nanometer sizes (not only distributed on the surface, 
but also in the bulk). In addition, these new spinel regions are 
disorderly arranged and have different orientations from each 
other (Figure  11b–c). The Fourier transform image also shows 
that the layered cathode material matrix exhibits a certain 
degree of collapse, and its lattice is decomposed into polycrys-
talline and amorphous regions (Figure 11d). By comparing the 
STEM-EDS mapping results of the original material and the 
sample after cycling, it is found that cracks exist in the cycled 
particles. Extensive researchers have reported before that oxygen 
and lithium ions would extract from Li2MnO3 component in 
the form of Li2O after being activated under high potential 

Figure 9. The results of in situ high-temperature synchrotron radiation diffraction of a) Li-rich precursor. b) Li-rich precursor with Li2CO3 (lithium 
source). c) Schematic diagram of the phase evolution when the precursor reacts with Li2CO3 at high temperature. Reproduced with permission.[57] 
Copyright 2019, Wiley-VCH.
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condition. These cracks are mainly caused by the movement of 
metal cations during charging and the strain caused by the col-
lapse of the lattice. It is generally believed that the transition 
metal ions located at the octahedral site of the metal layer move 
to the empty octahedral site at the lithium layer through a tet-
rahedral site. To summarize the phase transformation charac-
teristics of Li-rich cathode materials, Gu et al.[59] concluded that 
the transition metal ions in LiMO2 migrated to the lithium layer 
to form a spinel phase similar to LiMn2O4-type, while Li2MnO3 
phase appeared amorphous and disordered due to oxygen loss 
and structural degradation in Figure  11e. The layered-to-spinel 
phase transformation process usually follows a nucleation and 
growth mechanism and seriously affects its structural stability, 
which is an important cause of a reduced energy density.

However, there is still controversy about the origin of the 
phase transformation in the cycling process, especially whether 
it starts from the surface or the bulk phase. According to the 
analysis results, most of studies tend to believe that the phase 
transformation starts at the surface and then continuously dif-
fuses into the bulk phase during cycling. For example, com-
bining XANES and full-field TXM, Yang  et  al.[64] investigated 
the Mn K-edge absorption results of the pristine and cycled 
Li1.2Mn0.525Ni0.175Co0.1O2 materials to uncover the structural 
degradation mechanism under high potential. The changes of 
Mn chemistry during cycling led to the reduction of Mn and 
formation of spinel, starting from the surface and then gradu-
ally processing inward. Yan et al.[56] found that Ni ions migrated 
from the bulk lattice to the particle surface through a study 
of the elemental composition evolution of Li1.2Ni0.2Mn0.6O2 

cathode materials during cycling, leading to the depletion of 
Ni content in the bulk lattice and the thickening of the Ni-rich 
surface reconstruction layer (SRL). In addition, Ni ions were 
almost depleted on the outermost surface of the SRL and dis-
played concentration partitions in the SRL thin layer of the 
cycled sample, which indicated that Ni ions preferentially dis-
solved in the electrolyte. Due to the migration of Ni from the 
bulk to the surface and the surface aggregation of Mn, the SRL 
layer was determined to be a transition metal-rich and lithium-
poor phase. Therefore, a sequential phase transformation from 
the layered to spinel structures occurred on the particle surface, 
which resulted from the continuous enrichment of transition 
metal ions and the depletion of lithium ions. In view of this, a 
number of studies are devoted to adopting the direct method of 
surface modification to control oxygen activation and prevent 
structural degradation.[65–68] Liu  et  al.[69a] conducted a surface 
doping of Nb on the surface of Li1.2Mn0.54Ni0.13Co0.13O2 mate-
rials to improve the electrochemical performance and enhance 
the structural stability. DFT calculations revealed the doped 
ions were located in the lithium layer and the stronger NbO 
bonding could weaken the energy overlap between 3d transi-
tion metal and O to stabilize the surface structure. Wu et al.[69b] 
also investigated the effect of surface modification with Al2O3, 
CeO2, ZrO2, SiO2, ZnO, and AlPO4 on the Li-rich Mn-based 
cathode material. And it was discovered that Al2O3 and AlPO4 
were the most effective coating materials in maintaining more 
oxide ion vacancies and prohibiting structural degradation. 
The in situ formation of LiF decoration on Li-rich Mn-based 
cathode material can accelerate the diffusion of lithium ions 

Figure 10. Schematic diagram of two different paths for the synthesis of Li-rich Mn-based layered oxides from Li-free spinel oxides. Reproduced with 
permission.[58] Copyright 2019, Nature Publishing Group.
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and inhibit the layer-to-spinel phase transformation, thereby 
obtaining superior low-temperature performance.[69c] Overall, 
the harmful phase transformation of Li-rich Mn-based cathode 
materials can be effectively suppressed by increasing the sta-
bility of the surface and bulk structure, thereby improving the 
electrochemical performance.

Essentially, Li-rich Mn-based cathode materials with any 
dimensionality possess layered structure, however, the com-
plexity of their phase composition and lattice matching exac-
erbates difficulty of studying the phase transformation during 
cycling process. As presented above, the advanced in situ char-
acterization techniques, especially in situ transmission electron 
microscopy and synchrotron X-ray diffraction techniques are 
very powerful for understanding the phase transformation in 

depth. Furthermore, it is anticipated that more in situ electro-
chemical technologies and more advanced theoretical simula-
tions based on big data and machine learning can be used to 
study the promising cathode materials at the lattice level. Sig-
nificantly, the phase transformation could be directly related to 
the preparation conditions. For instance, the sintering process 
has strong influence on the phase composition and the degree 
of cation mixing, and the optimization of sintering temperature 
and selection of precursors can help maintain a fine layered 
structure and inhibit the mixing of cations during the synthesis 
process. In addition, most of the current studies support that 
the phase transformation starts on the surface of the electrode 
material and then gradually diffuses to the bulk phase during 
cycling. During the charging and discharging process, the 

Figure 11. a–c) TEM images of the spinel domains found in the Li-rich Mn-based cathode materials after 60 cycles. d) Corresponding FFT result of 
TEM image showing polycrystalline diffraction. e) Schematic diagram of the transformation path of the Li-rich layered structure to the spinel structure 
during cycling. STEM and EDS mapping results show the formation of cracks in the cycled materials. Reproduced with permission.[59] Copyright 2013, 
American Chemical Society.
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vacancies generated on the surface, Jahn–Teller distortion and 
stress-strain can also cause partially phase change. Especially 
oxygen vacancies generated on surface of cathode materials 
may promote the migration of transition metal cations to the 
lithium layer, which will aggravate the phase transformation 
process. How to reduce the generation of oxygen vacancies in 
the electrochemical process should be one of the effective ways 
to inhibit the phase transformation.

4. Anionic Redox Activity

The phase transformation is closely related to the voltage and 
capacity decay of the cathode material during the charge and 
discharge process, and the anionic redox activity plays an 
important role in the phase transformation and extraordinary 
capacity. The complexity of anionic redox activity of Li-rich Mn-
based cathode materials lies not only in the reversible anionic 
redox reaction, but also in the irreversible oxygen loss. More-
over, the generation stages and processes of these two parts are 
also different. It is generally believed that the reversible anionic 
redox reaction is the main cause accounting for the ultra-high 
discharge specific capacity, and the irreversible oxygen loss is 
closely related to the serious capacity decay and phase transfor-
mation. Although the discussion on the source of the anoma-
lous capacity of Li-rich Mn-based cathode materials continues, 
such as the release of O2,[70] peroxo-like O2

n− species,[71,72] 
proton insertion hypothesis,[73] the formation of oxygen vacan-
cies accompanying Mn2+/Mn3+/Mn4+ redox[74,75] and the man-
ganese oxidation of Mn+4/Mn+7,[76] here we mainly elaborate on 
the latest progress about the anionic redox mechanisms that 
have been extensively concerned in recent years.

4.1. Reversible Anionic Redox Reaction

A widely accepted consensus is that the outstanding specific 
capacity of Li-rich Mn-based cathode materials is achieved by 
the cations and anions involved in the redox process during 
charging and discharging. Both transition metal cations and 
oxygen anions can reversibly participate in the redox activity. 
Li2MnO3 is well known as the most studied and classic  
Li-rich Mn-based cathode materials due to the particular elec-
trochemical behavior. Many studies have found that Mn4+ 
maintains electrochemical inertness and charge compensation 
is completed by oxygen oxidation during the delithiation pro-
cess of Li2MnO3.[70–72] Meanwhile, Li+ and O2− remove from 
the lattice in the form of Li2O. It is demonstrated that oxygen 
redox participates in the first charge process and contributes 
to the lithium extraction of Li2MnO3.[77–80] A series of in-depth 
researches based on the electrochemical behavior of Li2MnO3 is 
actually to better understand the mechanism behind the revers-
ible capacity exceeding 250  mAh  g−1 of its derived materials, 
xLi2MnO3·(1−x)LiMO2. Li-rich Mn-based cathode materials can 
be regarded as Li2MnO3 substituted by other transition metal 
ions. The difference is that the layered structure modified by 
Co or other ions becomes more stable and can effectively sup-
press the structural degradation after activation. Previously, 
Li  et  al.[81a] introduced the role of cobalt in cathode materials 

of lithium-ion batteries, and proposed that nonmagnetic Co3+ 
could alleviate the magnetic frustration and create a stable 
cathode. Through studying the influence of Co content on the 
electrochemical performance of LiNi0.8CoxMn0.2−xO2  (x  =  0, 
0.05, 0.1, 0.15) cathode materials, Zhong  et  al.[81b] found that 
the cycling stability and rate capability were improved with the 
increase of Co content. It was demonstrated that Co element 
in Ni-rich cathode materials could effectively reduce the mixing 
of cations and improve the electronic conductivity of cathode 
materials, thereby stabilizing the host structure. Most recently, 
Liu et al.[81c] affirmed the role of cobalt in the rapid capacity and 
suppression of Li/Ni mixing by the comparison of Co-free and 
Co-rich Ni-rich cathode materials. However, it was also found 
that cobalt was more destructive at high potentials, which could 
easily lead to the generation of intergranular microcracks. The 
role of cobalt in the Li-rich cathode may be different from that 
of the Ni-rich cathode due to the complicated composition and 
structure. Boivin et al.[81d] reported that the introduction of Co 
into Li2MnO3 could suppress the O loss on charging in Li-rich 
cathode materials. With a systematic research on low-Co Li-rich 
cathode materials, Ye  et  al.[81e] revealed that small changes in 
Co content had little effect on the crystal structure, but played 
an important role in improving the activation rate of Li2MnO3 
phase. Actually, no consensus about the role of cobalt in Li-
rich Mn-based cathode materials is achieved in the current 
researches. Also, Li-rich Mn-based cathode materials exhibit 
more complex electrochemical behavior than Li2MnO3, espe-
cially during the first cycle. From its unique first charge curve 
(Figure 12a), it is observed that the first charge process can be 
divided into two stages: a slope less than 4.4  V and a plateau 
more than 4.4  V. The differential capacity profiles reveal that 
the capacity of the former process is mainly contributed by the 
oxidation of transition metal cations (Co3+/Co4+ and Ni2+/Ni4+), 
and the latter process is mainly contributed by the oxidation of 
oxygen anions. Koga et al.[82] studied the redox of oxygen in the 
bulk phase of Li1.20Mn0.54Co0.13Ni0.13O2 before, and proposed 
that oxygen in the bulk phase could reversibly take part in the 
electrochemical process rather than in the form of oxygen loss. 
Moreover, Sathiya et al.[71] detected the reversible conversion of 
O2−/O2

n− (1 < n  < 3) during cycling with the help of electron 
paramagnetic resonance (EPR) and X-ray photoelectron spec-
troscopy (XPS).

Among many possible oxygen dimers, the most convic-
tive explanation is the existence of reversible redox reaction of 
O2−/O−. According to this hypothesis, the extraction of lithium 
leads to the decreasing of the nonbonding oxygen p states, thus 
causing the oxidation of O2− to O−.[83,84] The application of in 
situ surface-enhanced Raman spectroscopy (SERS) in lithium 
batteries provides significant evidence for observing the pres-
ence of peroxo OO bond formation. Through in situ surface-
enhanced Raman technology, Li  et  al.[72] directly visualized of 
the reversible O2−/O− redox in lithiation–delithiation process of 
Li1.2Ni0.2Mn0.6O2 (Figure  12b). After the emergence of the pla-
teau in the first charge, a new peak appeared and increased at 
the Raman shift of 850 cm−1, and gradually disappeared during 
the discharge process. This result was also consistent with 
calculations based on density functional theory (DFT). Fur-
thermore, this reversible process was not only observed in the 
first cycle, but also detected a similar reversible process in the 
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second cycle. Coincidentally, Zhang et al.[85] conducted a com-
prehensive study on O3-type Na-rich Mn-based Na1.2Mn0.4Ir0.4O2 
cathode materials. An interesting fact was that in situ Raman 
spectroscopy, soft X-ray absorption spectroscopy (XAS) and 
X-ray photoelectron spectroscopy (XPS) verified a highly revers-
ible conversion of O2−/O2

2− species in sodium ion cathode 

materials. Undoubtedly, anionic redox ascribed to O species in 
Li-rich Mn-based and Na-rich Mn-based cathode materials is 
of high reversibility. Additional example is that Assat  et  al.[86] 
utilized hard X-ray photoelectron spectroscopy (HAXPES) to 
study the nature of oxygen redox during the first and second 
cycles. As shown in Figure 12c, a new oxidized On− (n < 2) peak 

Figure 12. a) First charge/discharge curves and differential capacity profiles of Li-rich Mn-based cathode materials. Reproduced with permission.[80] 
Copyright 2018, American Chemical Society. b) In situ Raman spectra during the first and second cycles (5 mA g−1). Reproduced with permission.[72] 
Copyright 2018, Wiley-VCH. c) HAXPES results of O 1s spectra during initial two cycles and of different probing depth. Reproduced with permission.[86] 
Copyright 2017, Nature Publishing Group.
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emerges at 530.5 eV when charged to 4.46 V. Then it reaches the 
maximum after charging to 4.80 V, and gradually weakens until 
the end of discharge. A similar situation happens in the second 
cycle. The difference is that the proportion of On− (n < 2) com-
ponent involved in the form of reversibility in the second cycle 
is lower than that in the first cycle. After probing two samples 
(first charged to 4.80  V and first discharged to 2.00  V) at dif-
ferent depths, it is revealed that the intensity and proportion of 
oxidized On− are not changed much by the photon energy and 
probing depth. In addition, it also indicates that On− exists in 
the bulk phase. How to make oxygen participate in the revers-
ible redox process in a larger proportion may be a key issue to 
improve the electrochemical performance of Li-rich Mn-based 
cathode materials.

4.2. Oxygen Loss

In addition to contributing to the capacity of Li-rich Mn-based 
cathode materials in the form of reversible redox, a number 
of studies have found that part of oxygen can bring about 
severe capacity loss and structural degradation in the form 
of irreversible oxygen loss. Lu and Dahn[87] first proposed  
the concept of “oxygen loss” in 2002. The manganese ions of the 
Li2MnO3 component contained in the Li-rich Mn-based cathode 
materials are already at the chemical state of +4. Therefore, 
the polarization to high potential will next oxidize the oxygen 
anions instead of transition metal cations in the compound, 
resulting in irreversible oxygen loss during the first charge 
process.[88] In situ differential electrochemical mass spectrom-
etry (DEMS) provides direct evidence for studying oxygen loss 
by real-time detecting gas composition and recording genera-
tion rate in electrochemical reactions. Armstrong et al.[89a] first 
applied DEMS technique to study the evolution of oxygen gas 
and proposed that oxygen was evolved from the surface of 
Li-rich Mn-based cathode materials in the initial charge pro-
cess. At the plateau stage of the first charge, lithium ions would 
remove from the octahedral sites in the transition metal layer to 
the lithium layer through the tetrahedral sites, thereby forming 
vacancies. The vacant sites were then occupied by the coordi-
nated replacement of transition metal ions that diffused from 
the surface to the bulk, and this process continued until all 
octahedral sites vacated by the lithium ions were occupied by 
transition metals. However, the lithium ions extracted from the 
first charge could not all return to the original sites during the 
discharge process, which accounted for a low initial Coulombic 
efficiency. Gas release is also very important for the study of 
safety aspects of cathode materials.[89b] Because molecular 
oxygen easily reacts with the conductive agent and binder of the 
composite electrode, and accelerates its failure. By establishing 
a unified model of intermediate peroxo/superoxo-like dimers, 
Chen  et  al.[89c] proposed that alleviating oxygen release could 
help to construct safe and efficient Li-rich Mn-based cathode 
materials. To evaluate safety, Yamano et al.[89d] introduced a cell 
design using a Li-rich layered oxide cathode and a SiO–Si com-
posite anode, which did not require a Li predoping process. The 
safety performance tested by the nail penetration showed that 
the cell using a Li-rich layered oxide cathode and a SiO–Si com-
posite anode could be used in practical applications.

Moreover, the lattice oxygen release of Li-rich Mn-based 
cathode materials during cycling can affect its unit cell struc-
ture. The in situ X-ray diffraction (XRD) is employed to observe 
the crystal structure changes by calculating unit cell parame-
ters, so as to realize the real-time detection of the microstruc-
ture changes in the electrochemical process. As shown in 
Figure 13a, in the region of voltage slope which is less than 
4.4  V, the electrostatic repulsion between two adjacent oxygen 
layers increases due to the constant extraction of lithium ions 
from the lithium layer, so that the cell parameter c shows an 
upward trend. On the contrary, the cell parameter a/b shows a 
downward trend because of the shrinkage of the radius of Ni/
Co cations. In the following plateau stage over 4.4  V, some of 
oxygen anions are evolved in the form of irreversible oxygen 
loss, which causes a certain degree of collapse of the crystal 
structure. The cell parameter c starts to decrease and reach 
the lowest value at the end of first charge. Moreover, from the 
change of volume of the entire unit cell, the crystal structure 
of cathode materials exhibits breathing-like contraction and 
expansion during the delithiation and lithiation process. Pre-
viously, Zhang et al.[90] reported a strategy of spinel Li4Mn5O12 
coating to diminish the lattice oxygen release from the surface 
of Li-rich Mn-based cathode materials. It was identified that the 
uniform epitaxial heterostructure coating was favorable to pre-
vent the lattice oxygen removing from the fragile layered frame-
work, thus increasing structural stability.

Bruce’s group[91] used isotope labeling to prepare 18O-labeled 
Li1.2[Ni0.13

2+Co0.13
3+Mn0.54

4+]O2 cathode materials by heating 
compounds in 18O2-containing atmosphere to achieve ion 
exchange, and combined with operando differential electro-
chemical mass spectrometry (DEMS) to analyze the formation 
of O2 and CO2 (Figure 13b). It not only confirmed that O2 gas 
began to evolve at and above the charging plateau of 4.5  V in 
the first charge, but also the generated O2 gas originated from 
the lattice of cathode materials, rather than the oxidation of 
the electrolyte. Besides, through the analysis of generated CO2 
gas, it was found that oxygen atoms escaping from the lattice 
of Li1.2[Ni0.13

2+Co0.13
3+Mn0.54

4+]O2 materials interacted with the 
electrolyte in a complex reaction and jointly participated in the 
generation of CO2 gas. Also, generated CO2 gas was observed 
more early before the voltage plateau. As for the CO2 outgas-
sing, Renfrew and McCloskey[92] pointed out that the exist-
ence of residual lithium carbonate (Li2CO3) on the surface of 
Li1.2Ni0.15Co0.1Mn0.55O2 had a direct correlation with the amount 
of CO2 by combining the in situ mass spectrometry, isotopic 
labeling, and surface carbonate titration techniques. An inter-
esting fact they found was that majority of CO2 gas generated 
in the first charge resulted from residual surface Li2CO3 oxida-
tion instead of electrolyte oxidation. In addition, unlike the for-
mation of peroxide-like intermediate species (O2−/(2−n)− redox) 
reported by other research groups before,[93–95] Bruce’s group 
established a model to illustrate the formation of electron hole 
states on oxygen during charging.[91] As shown in Figure  13c, 
each O ion is surrounded by three Li ions from lithium layer 
and three other cations from transition metal layer. The local-
ized holes are generated in the coordinated O 2p state sur-
rounded by Mn4+ and Li+, which is less covalent and dominates 
the whole region of 4.5 V. It has been claimed that Mn plays a 
special role in promoting the localization of electron holes on 
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O, which determines the delicate balance between oxygen loss 
and oxygen redox. Recently, many efforts have been devoted to 
illuminating whether irreversible oxygen loss occurs on the sur-
face or bulk phase of Li-rich Mn-based cathode materials.[82,96,97] 
Koga et  al.[11,82] proposed a complicated mechanism to explain 
the anionic redox, which was the reversible oxidation of oxygen 
in the bulk phase of the particles coupled with irreversible 
oxygen loss that occurred on the surface. Neutron diffraction, 
HAADF-STEM, and Raman spectroscopy were utilized to prove 
that O2 gas was evolved from the surface and transition metal 
ions migrated from the surface to the bulk without causing 
serious structural changes.

Another key issue is that oxygen release from oxide-based 
cathode materials will leave oxygen vacancies in the bulk or 
on the surface. Regarding the formation of oxygen vacan-
cies in Li-rich Mn-based cathode materials, there are two 
sources that need to be clarified. On the one hand, intrinsic 

oxygen vacancies are commonly formed under the heat treat-
ment conditions during the synthesis of the preliminary com-
pound. This situation is usually due to the escape of oxygen 
atoms from the lattice under high temperature. For example, 
Nakamura  et  al.[98] studied oxygen deficient nonstoichiometry 
Li1.2Mn0.6Ni0.2O2−δ through the defect chemistry and thermody-
namic analysis. It was observed that the formation of intrinsic 
oxygen vacancies provoked the reduction expansion of the lat-
tice. Recently, Ma  et  al.[99] utilized the template-free method 
to synthesize unique double-shell Li-rich Mn-based cathode 
material hollow microspheres. The intrinsic oxygen vacancies 
confirmed by XPS spectra were able to accelerate the kinetic 
process of lithium ions, which was favorable to enhance the 
structural stability. On the other hand, it happens at the elec-
trochemical activation stage of the Li2MnO3 component under 
high potential. In this case, Li+ and O2− are extracted from 
composite structure in the form of Li2O, resulting in oxygen 

Figure 13. a) Contour maps and change in cell parameters during initial three cycles. Reproduced with permission.[77] Copyright 2018, American Chem-
ical Society. b) DEMS results of the 18O-labeled Li1.2Ni0.13Co0.13Mn0.54O2 in the first cycle. c) Schematic diagram of the location of oxygen anions in Li-rich 
Mn-based cathode materials at which localized electron–hole states form. Reproduced with permission.[91] Copyright 2016, Nature Publishing Group.
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vacancies. Qiu  et  al.[46] adopted a gas-solid interface modifica-
tion strategy to uniformly introduce oxygen vacancies on the 
surface of pristine Li-rich Mn-based cathode materials without 
affecting the structural integrity, and confirmed the amount 
of oxygen vacancies by neutron diffraction (ND). Calculation 
results based on first principles showed that oxygen vacancies 
could effectively reduce the migration energy barrier and pro-
mote diffusion process. Moreover, operando differential elec-
trochemical mass spectrometry (DEMS) results revealed that 
the introduction of oxygen vacancies could suppress the sub-
sequent oxygen release and generate less O2 gas. Aside from 
generating oxygen vacancies, oxygen release will weaken the 
bond between transition metals and oxygen, making it easier 
for the transition metal to migrate into the lithium site and trig-
gering phase transformation. By combining soft X-ray absorp-
tion spectroscopy (XAS), electron energy loss spectroscopy 
(EELS) and in situ XRD techniques, Hu et al.[48] explained the 
complexity between oxygen release and structural stability, and 
demonstrated that AlF3 coating could greatly inhibit structural 
degradation by reducing oxygen release. Actually, surface modi-
fication is a commonly used strategy to improve the interface 
properties and control the oxygen activation center for the pur-
pose of a stable structure.

Therefore, how do anionic redox activities play a role in the 
first cycle of Li-rich Mn-based cathode materials? According 
to the previous researches, combined with in situ surface 
enhanced Raman spectroscopy (SERS) to study the surface reac-
tion between Li-rich cathode and graphite anode, Hy  et  al.[100] 
gave a comprehensive reaction mechanism of the oxygen-
activated components during the charging and discharging 
process (Figure 14). At the start of the first cycle, charge com-
pensation is mainly finished by Ni2+/4+ and Co3+/4+ redox cou-
ples. In this slope stage, a layer of solid electrolyte interface 
(SEI) film is formed on the anode side and a certain amount 

of Li2CO3 is distributed on the cathode side due to interaction 
with the electrolyte. As it reaches the plateau period, the acti-
vation of Li2MnO3 phase will cause the removal of oxygen and 
lithium ions in the form of Li2O. Simultaneously, partial oxygen 
anions begin to contribute to the specific capacity in the revers-
ible redox of O2−/−. Under such a high charging potential, the 
ester electrolyte is likely to be oxidized and decomposed into 
gases such as CO and CO2. At the end of the first charge, the 
unstable layered structure not only easily initiates the release 
of O2, but also reacts with the electrolyte to form protons (H+) 
through a catalytic-like reaction at the interface. Several studies 
have pointed out that protons (H+) can exchange with lithium 
ions one to one in electrochemical activities.[101–104] For example, 
Robertson et  al.[102] reported that the H+ ions generated by the 
oxidation of nonaqueous electrolyte would replace the lithium 
ions in the Li2MnO3 system. In the following discharge process, 
the discharge compensation mechanism is usually considered to 
be the joint participation of Ni4+/2+ redox couples, Mn4+/3+ redox 
couples and O−/2− redox couples, which increases continuously 
with the cycle number. It is noteworthy that the appearance of 
trivalent manganese ions (Mn3+) is the root cause of Jahn–Teller 
distortion effect, which affects molecular symmetry.[105,106] In the 
final stage of the discharge process, the formation of LiOH on 
the anode and Li2CO3 on the cathode results in the solution to 
change from an acidic environment to a more neutral environ-
ment, thereby increasing the electrochemical impedance.

4.3. Anionic/Cationic Redox Interplay

It has been acknowledged that Li-rich Mn-based cathode mate-
rials have a special double redox mechanism, including anionic 
redox and cationic redox. But how they affect and interplay with 
each other during cycling still remains a difficulty in current 

Figure 14. Surface reaction mechanism of Li-rich Mn-based cathode materials during the first charge/discharge process. Reproduced with permis-
sion.[100] Copyright 2014, American Chemical Society.
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research. Hu  et  al.[48] conducted X-ray absorption near-edge 
structure spectroscopy (XANES) to perform the ex situ test on 
the K-edge absorption of the Mn, Co, Ni and O elements of  
Li1.2Ni0.15Co0.1Mn0.55O2 cathode materials in different cycles (the 
1st, 2nd, 25th, 46th, and 83rd cycles). As shown in Figure 15a,  
a unique discovery is that the average valence state of all tran-
sition metal cations obtained by X-ray absorption spectroscopy 
gradually decreases with the increase of cycle number. In addi-
tion, based on the semiquantitative analysis of the XAS results, 
it can be found that the contribution of the oxygen ion redox 
couple (O2−/O−) and nickel ion redox couple (Ni2+/Ni3+/Ni4+) 
to the overall discharge capacity gradually decreases with the 

progress of cycling. On the contrary, the contribution of the 
cobalt ion redox couple (Co2+/Co3+) and manganese ion redox 
couple (Mn3+/Mn4+) to the overall discharge capacity gradually 
increases with the progress of cycling. It is not difficult to see 
that cobalt ions and manganese ions are playing an increas-
ingly important role in compensating for capacity decay in 
long cycling (Figure  15b). This shifting of redox couples from 
nickel/oxygen to manganese/cobalt is also an important cause 
of voltage decay. In the energy band structure of the insertion/
extraction layered oxides, the redox potential is closely related 
to the Fermi level. The holes above the Fermi level and the 
electrons below the Fermi level form a redox couple, and the 

Figure 15. a) K-edge XAS results of Mn, Co, Ni, and O elements of Li1.2Ni0.15Co0.1Mn0.55O2 cathode materials after different cycles. b) The contribution 
of different elements to the discharge capacity during cycling and illustration of Fermi level rising due to changes in electronic structure. Reproduced 
with permission.[48] Copyright 2018, Nature Publishing Group.
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open-circuit voltage (OCV) of the battery is usually determined 
by the relative Fermi level energy.[107] This enables to transfer 
electrons from the cathode side to the anode side. The Fermi 
level is mainly above the Ni2+/Ni3+ redox couple in the pristine 
sample. After starting the electrochemical activity, the occur-
rence of oxygen loss leads to the reduction of transition metals. 
Especially for the nickel element, it is likely to participate in 
the formation of a surface reduced layer, and even result in a 
layered to spinel phase transformation.[108] While for manga-
nese and cobalt elements, the activation of Mn3+/Mn4+ and 
Co2+/Co3+ redox couples raises the Fermi level and leads to a 
decrease in open-circuit voltage and operating voltage. Further-
more, the reduction of transition metal elements also weakens 
the covalency between transition metals and oxygen, accounting 
for less oxygen participating in the redox. Additional evidence 
is that Assat et  al.[109] observed that oxygen redox contribution 
had decreased with the increased contribution of Mn redox in 
Li1.2Ni0.13Mn0.54Co0.13O2 materials over long cycling via hard 
X-ray photoemission spectroscopy (HAXPES).

4.4. O2-Type Li-Rich Mn-Based Structure

Compared with traditional O3-type Li-rich Mn-based cathode 
materials, O2-type cathode materials can inhibit the formation 
of oxygen-oxygen dimers and irreversible phase transforma-
tions during cycling. It is well known that Li-rich Mn-based 
cathode materials used in large amounts of synthesis and 
research previously are mainly O3-type structures characterized 

by oxygen stacking in ABCABC mode. This structure can 
provide a discharge capacity of up to 250–300 mAh g−1. How-
ever, the oxygen redox reaction caused by the activation of the 
Li2MnO3 components inherent in this structure promotes the 
migration of transition metal ions, leading to the transforma-
tion from layered to spinel phases, severe voltage and capacity 
fading during cycling, which is the main obstacle hindering 
commercial application. As early as 1999, Paulsen  et  al.[110] 
reported a new type of layered Li-Mn oxide with the O2 struc-
ture of ABCBA oxygen packing which did not convert to 
spinel, but the specific capacity was only 150 mAh g−1. In 2018, 
Zuo et al.[111] synthesized the O2-type Li-rich Mn-based cathode 
materials by molten salt exchange method. The XRD patterns 
showed that the prepared Li1.25Co0.25Mn0.50O2 material was 
mainly an O2-type layered oxide with a single-layer Li2MnO3 
superstructure (Figure 16a), and its crystal structure model 
was shown in Figure  16b. This structure not only achieved a 
reversible discharge specific capacity of up to 400  mAh  g−1 in 
the first cycle, but also obtained a high initial Coulombic effi-
ciency of 99.5%, which could provide higher energy density 
(Figure  16c). The high initial Coulombic efficiency indicated 
that oxygen anions contributed to the overall specific capacity 
in the form of reversible anionic redox instead of irreversible 
oxygen loss, and the local oxygen structure remained stable. 
After 50 cycles, the average voltage decay was only 0.07  V 
(Figure  16d). These excellent electrochemical properties also 
demonstrated that the O2-type structure possessed strong struc-
tural stability and could effectively suppress irreversible phase 
transformation. Eum  et  al.[112] proved that the reversibility 

Figure 16. a) Rietveld refinement of XRD patterns of O2-type Li-rich Mn-based cathode materials. b) Crystal structure model of O2-type Li-rich Mn-based 
cathode materials. c) Charge–discharge curves of O2-type Li-rich Mn-based cathode materials. d) Discharge average voltage of O2-type Li-rich Mn-based 
cathode materials. Reproduced with permission.[111] Copyright 2018, Wiley-VCH.

Adv. Energy Mater. 2021, 2003885



www.advenergymat.de

© 2021 Wiley-VCH GmbH2003885 (24 of 28)

www.advancedsciencenews.com

of transition metal cation migration could be dramatically 
improved by adjusting oxygen packing patterns in the Li-rich 
Mn-based cathode materials. The enhanced reversibility in 
the O2-type structure could reduce the asymmetry of anionic 
redox in traditional O3-type structure and promote the reduc-
tion of high potential anions, thereby suppressing the subse-
quent voltage decay. Most recently, Cui et al.[113] utilized a highly 
stable O2-type Li1.2Ni0.13Mn0.54Co0.13O2 cathode material and all-
fluorinated electrolyte to improve the interfacial stability and 
suppress the irreversible oxygen release. The cathode material 
with the O2-type structure could prevent transition metal ions 
from migrating to the lithium layer, and form a stable fluorine-
containing SEI film at the interface between cathode and elec-
trolyte, thereby inhibiting the structural transformation and 
oxygen release. As a result, the O2-type Li1.2Ni0.13Mn0.54Co0.13O2 
material in all-fluorinated electrolyte delivered a reversible dis-
charge specific capacity of 278.3  mAh  g−1 with a superior ini-
tial Coulombic efficiency of 99.82%. And an excellent capacity 
retention of 83.3% after 100 cycles was also obtained. The 
O2-type layered oxides provide new ideas for improving Li-
rich Mn-based cathode materials and designing higher energy 
storage materials.

Anionic redox activities are usually closely related to high 
capacity of Li-rich Mn-based cathode materials. It should be 
noted that the anionic redox process involves a multielectron 
process to provide higher capacity, which threatens the struc-
tural stability of the cathode material and seriously affect its 
cycle life. Therefore, for the high-capacity Li-rich Mn-based 
cathode material based on anionic redox, both the reversibility 
of anion redox and the stability of the host structure should be 
considered. Anionic redox can be tuned toward a favorable pro-
cess by adjusting the electronic structure of the covalent bond 
between the transition metal and oxygen. Essentially, the typical 
feature of Li-rich Mn-based cathode materials is that the con-
tent of lithium ions is more than that of transition metal ions, 
which ultimately triggers anion redox. An extreme case is the 
electrode reaction will be similar to that in a lithium–oxygen 
battery when lithium ions completely replace other metal ions. 
Therefore, one of the valuable directions is to promote more 
anions to participate in reversible electrode reaction. However, 
the key problem is how to reach a compromise between struc-
tural stability and capacity. In addition, the irreversible oxygen 
loss can also be suppressed by changing the oxygen stacking 
mode in the layered structure, so that the anionic redox pro-
gresses toward a more reversible form.

Importantly, it must be noted that there are inextricable 
intrinsic relations among atoms, lattices, and dimensions, 
though the above sections are presented as different levels 
from top to bottom. The reversibility of anionic redox is highly 
dependent on the surrounding chemical environment such as 
atom stacking mode, and bond interplay with cations, which 
also directly affects ordering/disordering arrangement of atoms. 
Furthermore, the interlayer or intralayer movement of transi-
tion metal ions inevitably causes the change of its fine layered 
lattice structure. The phase composition and transformation in 
the synthesis process are delicately regulated by the arrange-
ment and embedding of atoms, and are extremely susceptible 
to the influence of atomic activities. The nucleation and growth 
process of the crystal ultimately determines the macroscopic 

morphology and size of cathode materials, and accounts for the 
difference in their overall performance. Besides, electrode fabri-
cation is also in the same boat as all the issue, since the surface 
and interface of the cathode materials play an important role in 
improving electrochemical performance. Undoubtedly, a slight 
move in any part may affect the situation as a whole. It is neces-
sary for developing the Li-rich Mn-based cathode materials to 
both understand deeply mechanism of every key step and coor-
dinate systematically the whole.

5. Conclusions and Future Perspectives

Li-rich Mn-based cathode materials are being understood more 
in-depth with the development of state-of-the-art characteriza-
tion technology. The perspective from dimension to lattice to 
atom reveals the subtle and critical changes in the different 
levels during charge and discharge process of the promising 
cathode material. The regulation of dimensionality can serve as 
a connecting link between the macroscopical and microcosmic 
issues, which can be conducive to not only accelerating kinetics 
of the electrode processes, but also improving the overall tap 
density for realizing high energy density, structural stability 
and thermal stability for long cycling. Furthermore, the struc-
tural degradation of Li-rich Mn-based cathode materials during 
cycling is closely related to the irreversible phase transforma-
tion, which also accounts for the severe voltage and capacity 
decay. The migration of transition metal ions into the lithium 
layer is the main driving force for this irreversible phase trans-
formation process. How to design effective strategies to sup-
press the transformation from layered to spinel phase or even 
rock salt phase during cycling has always been the key issue 
to Li-rich Mn-based cathode materials. Besides, it has been 
acknowledged that unstable anionic redox activity plays an 
important role in the structural transformation from surface to 
the bulk phase. In particular, the oxygen loss induced by the 
oxidation of the lattice oxygen will generate oxygen vacancies 
on the surface of the cathode material, thereby triggering con-
tinuous microstructural changes. How to inhibit irreversible 
oxygen loss is an important way to enhance structural stability 
of Li-rich Mn-based cathode materials. The recent findings 
enable us to have a new and comprehensive understanding 
toward the effect of lithium and oxygen on the phase transfor-
mation during the insertion/extraction process.

In the future researches, the inmost mechanism on evolu-
tion of Li-rich Mn-based cathode materials during the whole 
life cycle is still the crucial issue for addressing the challenges, 
and a systematical research from the atomic and ionic level 
(bottom) to the final performance in a practical battery (top) is 
undoubtedly more credible than the partial studies easily pro-
ducing contradictory understandings. Though it is not easy to 
verify an entirely self-consistent mechanism from bottom to 
top, the combination of advanced characterization techniques 
with higher test accuracy and real-time observation at a more 
microscopic level make it worth pursuing. Especially, the devel-
opment of various advanced in situ characterization techniques, 
including in situ X-ray technology, in situ optical technology 
and in situ electronic imaging technology, provides an impor-
tant basis for in-depth study of the microscopic mechanism. 
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Moreover, a lot of activities of the cathode material are often 
closely related to the interfacial composition and stability. The 
research on the ion and electron transport process at the inter-
face may have a profound impact on improving the structural 
stability and electrochemical performance of Li-rich Mn-based 
cathode materials. Besides the anionic redox mechanism, 
new alternative explanations for the origin of the anomalous 
capacity of Li-rich Mn-based cathode materials are also worth 
exploring, such as the Mn4+/Mn7+ redox[76] mentioned before. 
It is possible to design a cathode material that utilizes high oxi-
dation states without inducing transition metal migration, or 
design a material with facile and reversible migration to realize 
satisfactory electrochemical performance.

From the perspective of composition design, alternative 
elements should be selected on the basis of chemical compat-
ibility and redox compatibility. Transition metal elements with 
redox activity should be preferentially selected to obtain larger 
capacity, such as V3+ and Cr3+ with multielectron redox capa-
bility. For high-valent metals with nonredox activity, such as 
Ti4+ and Nb5+, they can be used as the source of charge com-
pensator. The cathode materials composed of a large number 
of metal ion species should be paid more attention, because the 
superior compositional flexibility provides more possibilities 
for designing high-entropy materials. Li-rich Mn-based cathode 
materials can appropriately incorporate a large number of tran-
sition metal species to enhance the flexibility of its chemical 
composition. In addition, cobalt-free Li-rich Mn-based cathode 
materials will get more attention due to the high cost and high 
toxicity of cobalt. To match and screen an ideal composition, 
theoretical simulation based on big data and machine learning 
will become a powerful tool for revealing complex rule patterns 
and constructing chemical composition. This will not only help 
guide the synthesis of new energy storage materials, but also 
promote the pace of research and development technology 
informatization.

At present, the research of cathode materials based on sur-
face coating, element doping and structural design has made 
important progress in various aspects. However, it can be noted 
that a single strategy usually only solves specific problems and 
achieve finite improvements, which is difficult to satisfy multiple 
requirements. For the practical application, the environment and 
the challenges that the cathode material faces are often multifac-
eted. Therefore, the comprehensive application and integration 
strategies of multiple modification methods should be developed 
in order to solve the various problems and promote overall per-
formance of Li-rich Mn-based cathode materials.

Throughout the development history of lithium-ion batteries, 
most of cathode materials have experienced a time span of dec-
ades from discovery, research to final industrialization. After Li-
rich Mn-based cathode materials have been studied intensively 
for more than ten years, more and more deep insights into the 
promising materials are being gained. We have reason to believe 
that the current challenges can be solved in the near future.
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