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ABSTRACT

Li and Mn rich (LMR) layered oxides, written as xLi;MnO3-(1 — x)LiMO, (M = Mn, Ni, Co, Fe, etc.), have
been widely reported in recent years due to their high capacity and high energy density. The stable struc-
ture and superior performance of LMR oxides make them one of the most promising candidates for the
next-generation cathode materials. However, the commercialization of these materials is hindered by
several drawbacks, such as low initial Coulombic efficiency, the degradation of voltage and capacity dur-
ing cycling, and poor rate performance. This review summarizes research progress in solving these con-
cerns of LMR cathodes over the past decade by following three classes of strategies: morphology design,
bulk design, and surface modification. We elaborate on the processing procedures, electrochemical per-
formance, mechanisms, and limitations of each approach, and finally put forward the concerns left and
the possible solutions for the commercialization of LMR cathodes.
© 2021 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published
by ELSEVIER B.V. and Science Press. All rights reserved.

Yiwei Li received his B.S. degree in College of Materials
Science and Engineering from Huazhong University of
Science and Technology in 2017. He is currently a Ph.D.
candidate at School of Advanced Materials, Peking
University. His main research work is Li-Rich cathode
materials with high voltage and high energy density for
Li ion batteries.

* Corresponding authors.

E-mail addresses: zhangmj@pkusz.edu.cn (M. Zhang), panfeng@pkusz.edu.cn (F. Pan).

! These authors contributed equally to this work.

https://doi.org/10.1016/j.jechem.2021.01.034
2095-4956/© 2021 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by ELSEVIER B.V. and Science Press. All rights reserved.

Zhibo Li received his B.S. degree from South China
Normal University in 2018. He is currently a M.S. stu-
dent under the supervision of Prof. Feng Pan at School of
Advanced Material, Peking University. His research
interests mainly focus on layered cathode material for
lithium ion batteries.


https://doi.org/10.1016/j.jechem.2021.01.034
mailto:zhangmj@pkusz.edu.cn
mailto:panfeng@pkusz.edu.cn
https://doi.org/10.1016/j.jechem.2021.01.034
http://www.sciencedirect.com/science/journal/20954956
http://www.elsevier.com/locate/jechem

Y. Li, Z. Li, C. Chen et al.

A, —
o~ e

N

Cong Chen received his B.S. degree from South China
University of Technology in 2018. He is currently a M.S.
student under the supervision of Prof. Feng Pan at
school of Advanced Material, Peking University. His
research interests mainly focus on layered cathode
material for lithium ion and sodium ion batteries.

Kai Yang received his B.S. degree in the School of
Aerospace from Tsinghua University in 2016, China. He
is pursuing his M.S. degree at School of Advanced
Materials, Peking University Shenzhen Graduate School,
China. His main research interests include advanced
silicon carbon materials for lithium ion batteries (LIBs)
and advanced technology for interface research in LIBs,
such as in-situ AFM and EQCM.

Bo Cao is currently a Ph.D. candidate in Prof Feng Pan’s
group at Peking University Shenzhen Graduate School,
China. He received his B.S. degree in material science
from Huazhong University of Science and Technology in
2018. Currently his research interests focus on high
energy density cathode materials for lithium batteries,
especially on Li-rich and Ni-rich layered oxide materi-
als.

Shenyang Xu received his B.S. degree from Tiangong
University in 2015. Xu is currently a Ph.D. student under
the supervision of Prof. Feng Pan at School of Advanced
Material, Peking University. His research interests
mainly focus on development of functional materials for
energy storage.

Ni Yang is an engineer at School of Advanced Materials,
Peking University Shenzhen Graduate School, China. She
has over 10 years’ experience in material characteriza-
tion using wide range of analytical tools including FIB,
SEM and TEM. Her research interests mainly focus on
the FIB and TEM characterization of battery materials.

Journal of Energy Chemistry 61 (2021) 368-385

Wenguang Zhao is an engineer at School of Advanced
Materials, Peking University Shenzhen Graduate School,
China. He has over 10 years’ experience in material
characterization using wide range of analytical tools
including XRD, XPS, SEM and TEM. His research inter-
ests mainly focus on the ex/in-situ TEM and ex/in-situ
XRD characterization of battery materials.

Haibiao Chen is currently a senior researcher at School
of Advanced Materials, Peking University Shenzhen
Graduate School. He received his Bachelor’s degree from
Tsinghua University in 2000 and PhD from Stevens
Institute of Technology in 2006. He worked at Velocys
during 2006-2011 and UES during 2011-2014.

Mingjian Zhang got his Ph.D. degree from Fujian
Institute of Research on the Structure of Matter, Chinese
Academy of Sciences in 2013, then worked there as an
assistant research fellow for one year. From 2014 to
2018, he was a postdoc at School of Advanced Materials,
Peking University, and became an assistant research
professor since 2018. Meanwhile, he was a research
scholar in Brookhaven National Lab from 2016 to 2019,
then in the University of Chicago since 2019. He has
been engaged in the fields of electrode materials for Li-
ion batteries, crystal growth and structure analysis of
nonlinear optical crystals.

Feng Pan, founding Dean of School of Advanced Mate-
rials, Peking University Shenzhen Graduate School, got
B.S. from Dept. Chemistry, Peking University in 1985
and Ph.D. from Dept. of P&A Chemistry, University of
Strathclyde, Glasgow, UK, with “Patrick D. Ritchie Prize”
for the best Ph.D. in 1994. With more than a decade
experience in large international incorporations, Prof.
Pan has been engaged in fundamental research and
product development of novel optoelectronic and
energy storage materials and devices. As Chief Scientist,
Prof. Pan led eight entities in Shenzhen to win 150
million RMB grant for the national new energy vehicles

(power battery) innovation project since 2013.



Y. Li, Z. Li, C. Chen et al.
1. Introduction

Owing to the rapid population growth, energy shortage has
become one of the most urgent problems to be solved. One promis-
ing strategy is to use clean energies which is renewable and envi-
ronmentally friendly to replace fossil fuels [1-3]. Renewable
energies like wind and solar are intermittent in nature, and they
need to be collected and released using high-efficiency energy stor-
age systems [4]. Lithium ion batteries (LIBs), considering the high
energy density and long cycle life, have been widely utilized in
electric vehicles (EVs) and consumer electronics like mobile
phones and laptop computers [5]. Growing deployment of LIB-
powered EVs reduces the emission of CO,, contributing to the mit-
igation of global warming. Nevertheless, the extensive application
of LIBs, especially in the fields of EVs and grid-level energy storage,
continues to demand for a higher energy density [6]. The energy
density of LIBs largely depends on the electrode materials, espe-
cially the cathode materials. In the past decades, layered LiCoO,
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(LCO), spinel LiMn,04 (LMO), olivine LiFePO,4 (LFP), and LiNi,Mn,-
Co,0, (NMC, x + y + z = 1) have been the major cathode materials
in LIB market [7-17]. The first-generation cathode material is LCO,
which was first introduced in 1980 [18]. LCO has a high theoretical
capacity (about 274 mA h g7!), although only half of which
(140 mA h g 1) could be reversibly utilized during practical cycling
[7,8]. The second-generation cathode materials include spinel LMO
[19], olivine LFP [20], and layered NMC [21]. LMO has been widely
utilized in power tools due to the superb cycling stability and low
cost, however, its further development is limited due to the low
theoretical capacity (148 mA h g~!) and even lower practical
capacity (110 mA h g~!) [9]. LFP cathode has been adopted in
EVs in recent years. LFP exhibits a high cycling stability, high rate
performance, and superior abuse tolerance due to the unique P-O
covalent bond [10]. The low energy density and low tap density
restrict LFP cathode from a broader market [11,12]. Compared to
LFP cathode, NMC cathode has been applied in EV market more
effectively and fruitfully. Ni, Mn, and Co elements work coordina-

Fig. 1. (a) Crystal structure of trigonal LiMO, (R-3m) and (b) monoclinic Li,MnO3 (C2/m). Reproduced from Ref. [27] with permission from American Chemical Society. (c)
XRD patterns of Li; ;Nig 13C0¢.13Mng 540245 synthesized from two different precursors (C for conventional precursor and H for hierarchically structured precursor). Reproduced
from Ref. [27] with permission from American Chemical Society. (d) Structural scheme showing the honeycomb pattern consisting of Li@Mng superstructure units in LMR
layered oxide. Reproduced from Ref. [29]) with permission from Royal Society of Chemistry.

Table 1

Researches about understanding the structure of LMR oxides.
Material Techniques Evidence Model Ref.
Li;.144Nio.136C00.136Mng 54402  SXRD, SAED a mixture of LiNi;3C01/3Mny/30, and Li;MnO3; component composite  [30]
Liy 2Mng g1 Nig.18Mg0.0102 HAADF-STEM the slabs are not always stacked in the same way composite [31]
Li; 2Feg.4Mng 40, STEM-EELS, NBED, and comprised of Mn-rich nanodomains with the layered rock-salt structure and Fe-rich composite [32]

HRTEM nanodomains with the cubic rock-salt structure

Liy 5Cro.4Mng 40, NMR two characteristic resonances are observed composite [33]
Li[Li;joNiz;oMns/9]02 NMR, EXAFS two characteristic resonances are observed composite [34]

surfaced-enhanced
Raman spectroscopy

Li; 2Nig2Mng 60,

two spectra of Li,MnO, and LiNigsMng 50, are observed

composite [35]

Li; 2Nip2Mng g0, D - STEM revealing the absence of R-3m regions solid- [36]
solution
Li[Liq3-2x/3NixMny 3.5/3]02 XRD the superlattice peak positions changed monotonically with Ni content solid- [37]

solution
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Fig. 2. (a) Initial charging-discharging profiles of Li,MnOs, LiNig sMng 50, and Li; ;Nig2Mng ¢O». (b) The 1st and 2nd CV curves of Li; ;Nig>2Mng ¢O; in (a). Reproduced from Ref.
[35] with permission from American Chemical Society. (c) pDOS of O 2p orbitals and Mn 3d orbitals in Li,MnO3 and the corresponding oxygen environment model.
Reproduced from Ref. [47] with permission from Springer Nature. (d) Cycling performance of Li; ;Nig 13C00.13Mng 540 synthesized by two different synthesis methods at 0.1 C
in the voltage range of 2.0-4.8 V. (e) The corresponding capacity-voltage profiles of the re-synthesized Li; 2Nig13C00.13Mng540; in (d). Reproduced from Ref. [53] with
permission from Elsevier. (f) Schematic representation for the structural transformation of trigonal LiMO, component (R-3m) and monoclinic Li,MnO3; component (C2/m) in
Li; 2Nig.1Mng 525C00.17502 during cycling. Reproduced from Ref. [54] with permission from American Chemical Society. (g) Selected area electron diffraction (SAED) pattern
obtained along [0001] zone axis of Li; ;C0g1Mng s55Nig 150, cathode at the charging voltage of 4.5 V. (h) Schematic diagram of TM migration in Li; ;C0.1Mng 55Nig 150, cathode
when holding at 4.5 V. Reproduced from Ref. [55] with permission from Royal Society of Chemistry.

tively in NMC cathode: Ni**/3* is responsible for providing capacity,
Mn** is for maintaining the structural stability, and Co>" could pro-
mote the diffusion of Li* ions [13-16]. However, the traditional
NMC cathode only offers limited improvements in terms of practi-
cal capacity (<200 mA h g~!) [17]. The key benchmark for the next-
generation cathode material is a higher energy density than all cur-
rent materials.

Since the report by Dahn et al. in 2001, Li and Mn rich (LMR)
layered oxides xLi,MnOs-(1 — x)LiMO, (M = Mn, Ni, Co, Fe, etc.),
have been regarded as the next-generation cathode material due
to the high specific capacity (>250 mA h g~1) [22,23]. As depicted
in the formula, LMR layered oxides contain two components, trig-
onal LiMO, and monoclinic Li;MnOs. The Li,MnO; component
could be activated at the first charging above 4.5 V, providing a
high capacity coupling with oxygen redox. In addition, manganese
is much cheaper and less toxic than cobalt, which makes LMR oxi-
des more economically attractive compared to LCO [24]. Neverthe-
less, LMR oxides also have a few of drawbacks. (1) The large
irreversible capacity loss during the first cycle, which leads to the
low initial Coulombic efficiency. (2) Voltage and capacity decay
during cycling. (3) Poor rate performance due to the poor elec-
tronic conductivity of manganese-based oxide [9,25,26]. In this
review, we focus on these challenges for the commercialization
of LMR layered oxides and the recent progress to overcome them.
In Section 2, the basic crystal structure and the electrochemical
behavior of LMR oxides are introduced. In Section 3, the recent pro-
gress on overcoming challenges for LMR layered oxides are sum-
marized. In Section 4, promising developments and future
directions for LMR oxides are suggested.
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2. Structure and electrochemical performance of LMR cathode
2.1. Crystal structure of LMR oxides

LMR oxides are generally considered as the composite of Li;MnO3
and LiMO,, therefore the formula could be written as xLi,MnOs-
(1 — x)LIMO, (M = Mn, Ni, Co, Fe, etc.). As shown in Fig. 1(a and b)
[27], Li,MnO3 belongs to monoclinic space group C2/m, while LiMO,
crystallizes in trigonal space group R-3m [28]. Both of them are con-
structed by alternately stacking Li layers and transition metal (TM)
layers along c axis within the similar cubic close packed oxygen
array. The major structural difference of LMR oxides from traditional
layered oxides (LCO, NMC, etc.) is the Li@Mng superstructure unit. As
shown in Fig. 1(c), a few of peaks could be observed in the range of
20-25° of the X-ray diffractogram (XRD) pattern for LMR oxide,
and they cannot be observed in the XRD patterns of traditional lay-
ered oxides. This special phenomenon originates from the Li@Mng
superstructure unit shown in Fig. 1(d) [29].

Although LMR oxides are composed of trigonal LiMO, and mon-
oclinic Li;MnOs, the arrangement of these two structures in LMR
oxides is still under debate. We list some researches on under-
standing the structure of LMR oxides in Table 1. One argument is
the composite model, namely, trigonal phase and monoclinic phase
co-exist. This model has been proved by many techniques. Qiu
et al. proved the co-existence of the two phases in Li; 144Nig 136-
C00.136Mng 5440, powder by synchrotron X-ray diffractogram
(SXRD) [30]. The composite model was also observed in Lij ;-
Mnyg1Nig 18Mg0.0102 through high angle annular dark field scan-
ning transmission electron microscopy (HAADF-STEM) [31]. Two
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independent Fe and Mn rich nanodomains in Li;>Feq4Mng 40,
were observed by electron energy-loss spectroscopy (EELS) mea-
surements [32]. Besides, the composite model was also supported
by Li magic angle spinning (MAS) NMR, extended X-ray absorption
fine structure (EXAFS) spectroscopy, and in situ surface enhanced
Raman spectroscopy [33-35].

Another widely accepted model is the solid-solution model, stat-
ing that, single solid-solution phase with C2/m symmetry exists in
LMR oxides [36]. It has also been proved through multiple character-
ization techniques. Jarvis et al. observed single-phase (C2/m symme-
try) Li;»Nig>MngeO, with ordered Li* in TM layer by diffraction
scanning TEM (D - STEM) [36]. Shunmugasundaram et al. demon-
strated the (020), (110), and (—111) crystallographic planes related
with the monoclinic phase in diminished XRD patterns [37].

In summary, there is no unified conclusion about the crystal
structure of LMR oxides (composite or solid-solution) till now.
One possible reason is that, the actual crystal structure of LMR oxi-
des varies with the elemental compositions (especially the content
of lithium) and the synthetic conditions (oxygen partial pressure,
cooling rate, etc.) [38,39].

In addition, structure defects are easily introduced during the
synthetic process, which affects the electrochemical performance
of LMR cathodes to a large extent [40]. Zhang et al. found that
the quenching process during the synthesis of Li,MnOs; would lead
to the formation of Mn>* defects, which have significant impacts on
the electrochemical activation and the cycling stability [41]. Chen
et al. used molten-salt method to synthesize LMR oxides, and they
noticed that there was a Co- and Ni-rich spinel phase with serious
anti-site defects on the particle surface, which may be a
previously-neglected factor determining the structural stability
[42].

2.2. Electrochemical performance of LMR cathodes

The electrochemical performance of cathode materials is
closely related to their structures. Since LMR oxides are composed
of trigonal LiMO, and monoclinic Li;MnOs, the electrochemical
property is a combination of the electrochemical behaviors of
LiMO, and Li,MnOs to some extent. As shown in Fig. 2(a), the
charging profile of Li; 5Nip,Mngg0, can be divided into two parts,
below 4.5 V and above 4.5 V [35]. It is sloping below 4.5 V, which is
similar with that of LiNipsMngs0,, indicating the deintercalation
of Li* from LiMO, component and the solid-solution behavior
[43,44]. Shimoda et al. proved that this sloping part below 4.5 V
was related to TM redox [45]. Above 4.5 V, a long voltage plateau
is observed for Li;;Nig,Mngg0,, a behavior similar to LiMnOs,
implying the deintercalation of Li* from Li,MnO3; component. This
voltage plateau only occurs in the first cycle, and disappears in the
following cycles. The CV curves of Li; ;Nig>Mng O, further confirm
this phenomenon: a strong oxidation peak occurs around 4.5 V in
the first cycle and disappears in the second cycle (Fig. 2b). The long
voltage plateau corresponds to the oxygen redox, which could only
be found in Li,MnO3; and LMR cathodes [46]. The oxygen redox
originates from the special Li-O-Li connection in Li;MnOs; and
LMR oxide, as shown in Fig. 2(c). Compared to Mn, the O 2p states
contributes more to the total DOS close to the Fermi level (0 to
—2.5 eV). Especially, the states within 0 to —0.9 eV originate from
the Li-O-Li configuration, which hints that the Li-O-Li configura-
tion is the origin of the oxygen redox chemistry [47]. It has been
proved that both of TM redox and oxygen redox could be found
during discharging: Ni, Co, and oxygen redox occur in the voltage
range of 4.8-3.5 V and Mn redox occurs in the voltage range of
3.5-2.0 V [45].

Although LMR oxides could provide high capacity (>250mAhg™!)
and energy density (>900 Wh kg~!), they also have a few of
disadvantages hindering the commercialization. These include: 1)
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low initial Coulombic efficiency (<80%); 2) severe capacity and voltage
decay during long-term cycling; 3) inferior rate performance
compared to that of LCO and NMC cathodes. These challenges are
discussed one by one as below.

As shown in Fig. 2(a), about 100 mA h g~ ! of irreversible capac-
ity could be observed during the first cycle for Li; »2Nig;MnggO0o,
leading to a low initial Coulombic efficiency of 72.3%, much lower
than that of NMC and LCO cathodes. The low initial Coulombic effi-
ciency of LMR cathode is largely attributed to the electrode/elec-
trolyte reaction in the first cycle, especially the oxygen loss.
When the charge voltage is below 4.6 V, ethylene carbonate (EC),
dimethyl carbonate (DMC) and etc. in the solvent would decom-
pose into CO, and other gases due to the oxidizing 03~ species at
the particle surface. Differential Electrochemical Mass Spectrome-
try (DEMS) measurements can validate CO, release from the sur-
face of the active materials, which could also be observed in
other layered cathodes [48]. However, while the charging voltage
is higher than 4.7 V, lattice O would evolve in the form of O,, leav-
ing vacancies in the structure. These O vacancies lead to the irre-
versible migration of TM ions to Li sites. Only part of the
migrated TM ions can return to their original sites during discharg-
ing, which severely decreases the initial Coulombic efficiency of
LMR cathode [49]. The form of the oxygen loss has also been
debated before. Yin et al. analyzed the evolution of cathode elec-
trolyte interphase (CEI) during the first cycle of the LMR cathode
[50]. They found: (1) the reasons of oxygen loss were different
for LMR cathodes and Li,MnOs3 cathode (caused by electrochemical
decomposition and chemical decomposition, respectively); (2) the
formation/dissolution of CEI was accompanied with Li* extraction/
insertion; (3) the changes in the valence states of metal ions (Ni,
Co, Mn) could accelerate the formation of CEI Besides, the decom-
position of the electrolyte solution at high voltage could not be
negligible. The high charging voltage (4.8 V) is normally adopted
to obtain high capacity for LMR cathodes by fully utilizing TM
redox and oxygen redox. At such a high voltage, the electrolyte
normally composed of EC, DMC, and LiPFs, would decompose,
which accompanies with the surficial side-reaction and the
consumption of Li*, causing the low initial Coulombic efficiency
[51]. Except for the high voltage, the highly oxidizing ions O},
would accelerate the decomposition of LiPFs, which accompanies
with the generation of HF and POF;~ [52]. These decomposition
products would erode the electrode-electrolyte interphase, result-
ing in the dissolution of the transition metal ions. Continuous dis-
solution of the metal ions from the material further leads to a
rugged surface and increased interphase impedance, which would
cause rapid degradation of the electrode.

The fast capacity and voltage decay of the LMR cathodes during
long-term cycling is another issue. As shown in Fig. 2(d), only 85%
of the initial discharging capacity is maintained after 50 cycles at
0.1 C for Li; 3Nig.13C00.13Mng 540,. Besides, a severe decay in the
discharging voltage could also be observed, as shown in Fig. 2(e)
[53]. The decays in both capacity and voltage are largely caused
by the structural degradation in the first cycle and the following
cycles. Wang et al. proposed a structural degradation model of
Liq »Nig.1Mng 525C00.1750> [54] As shown in Flg 2(f), due to the con-
current oxygen and lithium loss from the lattice of Li,MnOs; com-
ponent in the first cycle, the layered structure is destroyed,
forming a polycrystalline/amorphous matrix. Different from the
Li;MnO3; component, the LiMO, component evolves to a spinel
structure at the surface during the first cycle. The formation of a
spinel structure was also observed in Li; 2C09.1Mng s55Nig 1502 dur-
ing the first charge through selected area electron diffraction
(SAED), as shown in Fig. 2(g). The mechanism for the formation
of the spinel phase was also proposed. When the voltage is held
at 4.5 V, oxygen loss will occur in the form of O, leading to the
reduction of Ni**/Ni#* to Ni** due to the charge compensation. Con-
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Table 2

The electrochemical performance of LMR cathodes with different morphology design reported in recent years.
Structure Reversible capacity (mA h g™!) ICE [a] Capacity retention Rate (mA hg™") Ref.
Nanowires 291 (20 mA g™ ) 87.7% 91.8% (200 mA g~ ! after 200 cycles) 135 (2000 mA g7 1) [62]
Nanorods 2509 (20 mA g~ 1) 99.8% ~100% (20 mA g~ after 50 cycles) 121 (1000 mA g~ 1) [63]
Nanoplates 303 (20mAg") 93% 92% (200 mA g~ ! after 200 cycles) ~180 (1000 mA g ') [64]
Active crystal growth 230.8 (250 mA g ') - 95.5% (250 mA g~ ! after 60 cycles) 141.7 (5000 mA g 1) [65]
3D hollow bowl-shaped 3009 (20 mA g ") 85% 82% (20 mA g ! after 100 cycles) 103.6 (4000 mA g 1) [66]
3D fusiform-shaped 281.4(20mA g™") - 94% (20 mA g~ after 100 cycles) 166.8 (1000 mA g~ ') [67]
3D porous materials 270 (25 mA g ") - 94.9% (500 mA g~ ! after 500 cycles) 119.5 (2500 mA g 1) [68]
3D reticular materials 259.14 (20 mA g 1) 71.9% 95.6% (200 mA g~ ! after 50 cycles) 135.7 (1000 mA g 1) [69]
Scaled flake-shaped 242 (20mA g ") - 93% (200 mA g~ ! after 600 cycles) - [70]
Hollow microspheres 271 (25mAg™) 81.6% 87.6% (750 mA g~ ! after 400 cycles) 132 (2500 mA g™ 1) [71]
Peanut-shaped 2783 (20 mAg!) 82.9% 94.2% (200 mA g~ ! after 100 cycles) 145 (2000 mA g7 1) [72]

Notes. [a] ICE denotes initial Coulombic efficiency.
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porous bowl-shaped Li; 5Nig 13C0¢.13Mng 540, particles. Reproduced from Ref. [66] with permission from Elsevier. (e) Schematic diagram of the suppression of voltage fading
through a preferred orientation (110) plane. Reproduced from Ref. [67] with permission from Royal Society of Chemistry.

sidering the similar ionic radii of Ni?* and Li*, Ni®* migrates to the
Li layers preferentially compared to other TM cations. Because
oxygen loss occurs at the surface, severe cationic mixing would
appear at the surface during the first cycle, leading to the forma-
tion of a spinel phase, as shown in Fig. 2(h) [55]. The transforma-
tion from layered structure to spinel structure in a
polycrystalline/amorphous matrix will introduce stress, causing
cracks and formation of pores, which are unfavorable for Li* (de)in-
tercalation [55]. During long-term cycling, the structural degrada-
tion will propagate from the surface to the bulk, resulting in the
continuous decay of capacity and voltage. Kang et al. proposed a
transition metal migration model in LMR oxides, and they

observed that Li* diffusion was much more sluggish during lithia-
tion than during de-lithiation [56]. They thought that, after Li* was
extracted from Li layers, TM ions would migrate into Li layers, and
they could not migrate back to TM layers easily during discharge.
However, as more Li* intercalate at the end of discharge, the tetra-
hedral lithium occupancy induced by additional lithiation would
facilitate the migration of TM ions back to TM layers, leading to
recovery of the layered structure. In addition, Tarascon et al.
thought that oxygen redox would come along with Mn migration
under 4.6 V during charge [57]. After that, O, was released and a
structurally-densified single-phase A’ formed within the bulk of
the materials, not only at the surface. They also found that the
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capacity loss in the first cycle could be recovered by applying a
constant-voltage step during discharge. Li* would occupy the tetra-
hedral sites to form a new P” phase under a harsh reductive condi-
tion (<1.4 V), and those Mn ions in Li layers triggered by oxygen
redox would serve as “pillars” to stabilize the structure.

Another issue for LMR oxides is the unsatisfactory rate perfor-
mance. This inferior rate performance can be related to the sluggish
dynamics of Mn**. It has been reported that Mn** showed slower
reaction kinetics in LMR oxides compared to Ni** and Co>*. Although
the Li,MnOs; component has been activated in the first charging pro-
cess, the reaction kinetics of Mn** is not promoted [25]. On the other
hand, the reaction kinetics of Mn*" in LIMO, component is also slow,
which could be promoted by exchanging Mn** by Ni?* or Co®* [58].In
addition, elemental segregation of Ni and Co at the particle surface
tends to take place during the synthesis process, and it also inhibits
therate performance. These Li* diffusion channels within the surface
layer are perpendicular to those in the bulk, leading to a virtual bar-
rier in the diffusion path for Li* at the surface [59].

3. Recent progress on promoting the electrochemical
performance of LMR cathodes

To accelerate the commercialization of LMR cathodes, research-
ers devoted a lot of efforts to optimize the electrochemical perfor-
mance through different methods. Fortunately, the three concerns
discussed above have been resolved to some extent in recent years.
In this section, we will elaborate on these effective methods in
three categories: morphology design, bulk design, and surface
modification.

3.1. Morphology design

Various morphologies, such as 1D nanowires, 1D nanotubes, 2D
nanoplates, 3D porous morphology and other hierarchical nano
morphologies, have been widely reported in other layered oxides,
including LCO and NMC [60,61]. It is also an effective way to opti-
mize the electrochemical performance of LMR oxides, such as mit-
igating the capacity and voltage degradation during cycling. The
detailed electrochemical performance of LMR cathodes with differ-
ent morphologies reported in recent years are shown in Table 2.

Cathode materials with nano morphology have better Li* diffu-
sion kinetics by shortening the transportation path, thus better
rate performance. Deng et al. synthesized Li; 3Nig.13C00.13Mng 540>
spinel/layered nanowires with porous structures via a coprecipita-
tion method followed by the controlled calcination steps, as shown
in Fig. 3(a) [62]. They found that the content of spinel phase could
be easily tuned by changing the heating rate. The nanowires could
provide a better connection between the cathode and the elec-
trolyte, which facilitates Li* diffusion and restrains the structural
degeneration. Thus, the cathode displays a high capacity of
291 mA h g ' at 0.1C and an excellent capacity retention of
91.8% after 200 cycles at 1C. As shown in Fig. 3(b), Yang et al. used
hydrothermally synthesized B-MnO, nanorods as a self-template
to fabricate xLi,MnOs3-(1-x)LiMnO, nanorods with the diameter of
100-200 nm and the length of 400-1000 nm [63]. Increasing the
fraction of Li,MnOs3 could significantly increase the discharge
capacity but lower the cyclic stability, while increasing the fraction
of LiMnO, could enhance the cyclic stability by suppressing the
transformation from layered phase to spinel phase. As shown in
Fig. 3(c), Xu et al. constructed Li; ;Mng 52Nig2C09 030, oxide with
(010)-oriented nanoplates [64]. This novel morphology not only
combines the advantages of exposed (010)-planes and the aniso-
tropic Li* transport tunnels for fast Li* (de)intercalation, but also
effectively inhibits the volume expansion during the cycling. The
cathode exhibits an initial discharge capacity of 303 mA h g~! with
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a Coulombic efficiency of 93%. After 200 cycles at 1C, it still has an
excellent capacity retention of 92%. Similarly, Xu et al. synthesized
a hierarchical quasi-spherical Li;;Nig>MnggO, oxide with active
(010)-oriented surface [65]. Combining the hierarchical structure
and active (010)-planes, this material exhibits efficient transports
of both Li* ions and electrons.

In addition, a three-dimensional architecture with more free
space between primary particles is another way to improve the
cycling stability, since the volume expansion can be accommo-
dated during cycling. Zhang et al. built 3D hollow porous bowl-
shaped Li;3Nig13C00.13Mngs40, particles by a soft template
method, and the detailed synthetic process is shown in Fig. 3(d)
[66]. The material with this unique structure exhibited a high
capacity of 300.9 mA h g~! at the current density of 20 mA g~ .
No evident morphological damage could be observed even at a
high current density of 400 mA g, enabling its superb rate perfor-
mance. This 3D hollow bowl-shaped architecture facilitates elec-
trolyte penetration, ensuring sufficient contact between the
cathode and electrolyte. The packing density was also increased
via excluding the redundant space. Li et al. designed a three-
dimensional fusiform hierarchical micro/nano Li;>Nig;MnggO;
with preferentially orientated (110) planes through a hydrother-
mal method (Fig. 3e) [67]. The cathode not only delivered an
enhanced rate performance and cycling stability, but also sup-
pressed the voltage decay through the special triangular frame,
which could prevent secondary particles from pulverization and
ensure the uniform element distribution. The capacity retention
achieved 94% after 100 cycles at 0.1C, and no evident voltage decay
could be observed. It also delivered a high capacity of
166.8 mA h g ! at a high rate of 5C. As shown in Fig. 4(a), He
et al. used a self-made template to construct a 3D porous Li -
Nig.18C00.08Mng 540, cathode with an in situ modified surface
[68]. This 3D porous structure with a surface modified by carbona-
ceous compounds, not only increased Li* conductivity, but also
protected the active material from side reactions with the elec-
trolyte. Thus, the phase transformation from layered to spinel as
well as the voltage decay could be suppressed. Li et al. synthesized
a 3D reticular Li;,Nig;Mngg0, cathode material using ordered
mesoporous silica as the template [69]. The detailed preparation
process and morphological evolution could be seen in Fig. 4(b).
This oxide exhibited a high capacity of 195.6 mA h g~! at 1C with
the capacity retention of 95.6% after 50 cycles. The unique mor-
phology of the material provides nanoscale Li* pathways, mechan-
ical stability, and easy access for Li* to the center of the particle.

Design and construction of special morphologies is also a novel
and efficient approach to improve the electrochemical perfor-
mance of electrode materials. As shown in Fig. 4(c), Oh et al. pre-
pared Lij oNig>Mng g0, in 10 pm-sized secondary particles, which
were composed of submicron flake-shaped primary particles
[70]. The cathode exhibited a high capacity of 242 mA h g ! at
0.1C and displayed a favorable cycling stability with a capacity
retention of 93% after 600 cycles at 1C. Similarly, Yu et al. con-
structed the ball-in-ball hollow Lij;Nig13C00.13Mngs40, micro-
spheres via the co-precipitation method by tuning the nucleation,
growth, and heterogeneity of the crystals [71]. The cathode showed
excellent electrochemical performance with a high capacity of
193 mA h g ! at 3C and a capacity retention of 87.6% after 400
cycles. Zhang et al. fabricated a peanut-like hierarchical micro/-
nano Li;5Nig18C000sMng 540, via the solvothermal method [72].
This oxide, with better crystallinity and larger specific surface area
than the counterparts, delivered a discharge capacity of
2299 mA g h™! at 1C and a capacity retention of 94.2% after 100
cycles.

In summary, the positive effects of nanoscale morphology
design can be summarized as below: (1) shortening Li* diffusion
pathway and increasing rate capacity; (2) releasing the strain from
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Table 3

The electrochemical performance of LMR cathodes with different structure designs reported in recent years.
Strategy Reversible capacity (mA h g™!) ICE Capacity retention Rate (mAhg™) Ref.
Hierarchical micro/nanostructure 280.1 (20mA g 1) 71.05% 85.4% (20 mA g~ ! after 80 cycles) 152.4 (1000 mA g 1) [73]
3D micro-/nanostructure 274 (25 mAg ) 93.8% 94.8% (25 mA g~ ! after 100 cycles) 197.6 (1250 mA g 1) [74]
Structural defects 287 (125 mAg™) - 99.2% (25 mA g~ ! after 50 cycles) 150 (750 mA g~ ') [75]
Stacking faults 310 (20 mA g ) - 69% (20 mA g~ ! after 100 cycles) - [76]
Structural defects 187 (25mA g 1) 72.8% ~82% (250 mA g~ ! after 300 cycles) ~100 (500 mA g 1) [77]
Surface oxygen defects 308.1 (125 mAg™") 87.3% 89.7% (25 mA g~ ! after 100 cycles) ~80 (250 mA g ') [78]
Li gradient distributions 3228 (25mAg ) 90.8% 89.2% (50 mA g~ ! after 200 cycles) - [79]
Ni/Mn gradient distributions 256.7 (25 mAg!) - 84% (500 mA g~ ! after 100 cycles) 134 (2500 mA g 1) [80]
Ni gradient distributions 300 (20mA g ") 90% 74% (20 mA g~ ! after 200 cycles) 156 (2000 mA g ') [81]
Li/Na gradient distributions 277 (25 mAg™") 78.4% 92% (125 mA g~ ! after 100 cycles) 112 (2500 mA g~ 1) [82]

Table 4

The electrochemical performance of LMR cathodes with different element doping reported in recent years.
Doping element Reversible capacity (mA h g™1!) ICE Capacity retention Rate (mAhg™) Ref
Na 307 (30mA g™") 87% 89% (100 mA g~ ! after 100 cycles) 139 (2400 mA g 1) [84]
Na ~280 (20 mA g ') - 93.1% (100 mA g~ ! after 200 cycles) ~150 (1000 mA g~ ) [85]
Na 2152 (20mA g 1) - - 130 (1000 mA g ) (87]
Mg 2486 (20 mA g ') 87.9% 94.2 (100 mA g ! after 200 cycles) 130 (1000 mA g 1) [88]
Mg 206.4 (40 mA g 1) 62.6% 95.1% (400 mA g~ ! after 100 cycles) 104.4 (1000 mA g 1) [89]
Mg ~250 (20mA g ") 80.2% 76% (20 mA g~ after 200 cycles) ~120 (1000 mA g™ ') [90]
Ti 32030 mA g ) 73.6% 71% (30 mA g~ ! after 300 cycles) 136 (1500 mA g 1) [91]
Fe 261 (25 mAg!) 84% 94.44% (25 mA g ! after 100 cycles) 150 (1000 mA g 1) [92]
Ru 280 (20 mA g ") - 98.1% (20 mA g~ after 100 cycles) 150 (1000 mA g 1) [93]
Na, F 243 (40 mA g ") - ~100% (40 mA g~ after 100 cycles) 167 (1000 mA g 1) [95]
Co, Mo 297 (125 mAg ) 86.2% 86.5% (25 mA g~ ! after 50 cycles) - [96]
cd, s 2685 (25 mA g 1) 87.2% 90.65% (25 mA g~ after 80 cycles) 153.8 (1250 mA g™ ") [97]
Na, PO3~ 255.7 (25 mA g") 85.69% 93.8% (250 mA g~ after 100 cycles) 106.4 (2500 mA g 1) [98]

volume change caused by phase transformation, enhancing the
mechanical stability, and contributing to the cycling stability.
However, there are also some disadvantages using this strategy,
such as complicated preparation, high cost, low tap density and
etc., which greatly hinder the practical application in scaling up
the cathode materials. In addition, it is difficult to achieve consis-
tent morphology in different batches of materials, while even a
slight difference in the morphology might lead to a big difference
in the performance.

3.2. Bulk design

Bulk design is essential to improve the structural stability so as
to promote the electrochemical performance of LMR cathode. This
section is divided into two parts: structure design and bulk doping.

3.2.1. Structure design

Structure design is an effective method to enhance the electro-
chemical performance of LMR cathode, which includes introducing
porous structure, structural defects, gradient elemental distribu-
tion, and etc.

Firstly, porous structure is an effective strategy to increase the
electrolyte/electrode contact area, and buffer the volume expan-
sion due to the phase transformation during cycling. Li et al.
designed hierarchical mesoporous structure in Li;>Nig,MnggO;
through ice-template coprecipitation [73]. As shown in Fig. 5(a
and b), the rate performance was promoted notably. For Li; 5Nig»-
Mng 0, cathode synthesized using a traditional method, the rever-
sible capacity at 1C was only about 56% of the capacity at 0.1C. In
contrast, the capacity at 1C has been promoted to 67% of that at
0.1C in the hierarchical mesoporous structure. The mesoporous
structure increased Li* diffusion channels, facilitating Li* diffusion
at a large current density. A similar method was also utilized by
Qiu et al, as shown in Fig. 5(c) [74]. They introduced homogeneous
three-dimensional (3D) nano-porous structure in Lijj44Nig.136-
C0¢.136Mng 54402, Which exhibited a micrometer-sized spherical

morphology. It displayed a better rate performance compared to
the sample without a porous structure.

Another effective method to improve the electrochemical per-
formance of LMR cathode is introducing structural defects in the
lattice. Xia et al. introduced multiple structural defects in Li; 143-
Nig.136C00.136MnNg5440> by well-controlled chemical de-lithiation
[75]. As shown in Fig. 5(d and e), these structural defects include
twins/stacking faults and spinel-like mosaics in the bulk. Due to
the fine pre-rearrangement, the obtained oxide has some charac-
teristics of electrochemically induced hybrid compounds, which
could make anion redox more stable. Thus, the defect-rich cathode
exhibited superior cycling stability compared to pristine cathode,
and the voltage decay was also evidently suppressed (Fig. 5f). Liu
et al. also successfully introduced stacking faults in Li;;Nig 13-
Cog.13Mng 540, through molten salt method [76]. They could con-
trol the concentration of stacking faults through tuning the
synthetic temperature and the type of molten salt. When the syn-
thetic temperature was 800 °C, the electrochemical performance of
Li; 5Nig.13C00.13Mng 540, cathode was the best, and the capacity
reached 310 mA h g ! at 0.1C. The optimal capacity could be attrib-
uted to an appropriate amount of stacking faults. Li et al. synthe-
sized Li; 5NigoMng 0, with a small amount of structural defects
by combining a fast-evaporating approach and a subsequent high
temperature calcination [77]. Due to the structural defects, the
oxygen loss during the first cycle was reduced, and Mn migration
and the phase transformation from layered to spinel were also sup-
pressed. Zhong et al. introduced surface oxygen defects in Li; »-
Nig.13C00.13Mng 540, through a facile hydrothermal reaction
followed by heat treatment [78]. After the introduction of the oxy-
gen defects, the activity of surface oxygen was reduced, inhibiting
the evolution of lattice oxygen in the bulk. Also, surface defects
alleviated the lattice microstrain during the delithiation/lithiation
process, and enhanced the mechanical property of materials. In
addition, the defects induced the formation of spinel structure at
the surface, facilitating Li* extraction/insertion so as to promote
the rate performance.
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Fig. 6. (a) XRD patterns of Li; »,Nip13C00.13Mng 540, and Lij 17Nag 03[ Nig.13C00.13Mng 54]0,. (b) The cycling performance of Li; ;Nig 13C00.13Mng 540, and Liy 17Nag 3[Nig 13-
C00,13Mng 54]0; at the current density of 100 mA g~'. Reproduced from Ref. [84] with permission from Royal Society of Chemistry. (c) Schematic diagram of pristine LMR, LMR
with surface-doped with Na (Na-LMR) and LMR with homogenously Na doping (Na/SDS-LMR) before cycling and after 200 cycles. Reproduced from Ref. [85] with permission
from Wiley-VCH. (d) Schematic illustration for the structure of Mg-doped Li; sMgg 1[Mng75Nig25]02+4. (e) The rate performance of Mg-doped Li; 4Mgo 1[Mng 75Nig25]02:4-
Reproduced from Ref. [88] with permission from Royal Society of Chemistry. (f) Schematic diagram of Na and F co-doping in Li; ;Nig>2Mng O, cathode. (g) The cycling
performance of Li; ;Nig,Mng 0, cathode (LNMO), Na doped LNMO cathode (Na-LNMO), F doped LNMO cathode (F-LNMO) and Na and F co-doped LNMO cathode (Na&F-
LNMO) at 0.1 C in the voltage range of 2.0-4.8 V. Reproduced from Ref. [95] with permission from Elsevier.

Table 5
The electrochemical performance of LMR cathodes with different surface coatings reported in recent years.

Strategy Reversible capacity (mA h g~1) ICE Capacity retention Rate(mA h g~ ') Ref.

Al,03 coating 2682(20 mA g™ ') - 98% (200 mA g~ after 100 cycles) - [102]
SnO, coating 264.6(30 mA g 1) - 89.9% (300 mA g~ ! after 200 cycles) ~125(1000 mA g 1) [103]
AIPO4 coating 261.9(25 mA g 1) 85.2% - - [104]
AlPO, coating 267220 mA g™') 78.9% 74.4% (20 mA g~ after 50 cycles) 120.2(2000 mA g~ ') [105]
AIPO, coating 282130 mA g™ 1) - 89% (30 mA g~ ! after 35 cycles) 162.7(1200 mA g 1) [106]
LizPO4 coating 24025 mA g 1) - 90% (250 mA g~ ! after 50 cycles) 106(1250 mA g 1) [107]
LisPO4 coating 226.1(20mA g™ ") 78.78% 78% (25 mA g~ after 100 cycles) 118(1000 mA g~ ') [108]
polyimide coating 269.8(20 mA g~ 1) - 90.6% (20 mA g~ ! after 50 cycles) 191.5(400 mA g™ 1) [109]
LiAIF, coating 246 (35 mA g 1) - 92.8% (35 mA g~ ! after 100 cycles) 133(1750 mA g7 1) [110]
AlF; coating ~250(25 mA g ") 80.6% ~100% (1/3C after 100 cycles) - [111]
Spinel coating 240(30 mA g ') 79.4% 89.1% (150 mA g~ ! after 200 cycles) 100.9(1000 mA g~ 1) [112]
spinel coating 211.73(25 mA g™ 1) - 74.64% (250 mA g~ ! after 200 cycles) 104(1250 mA g 1) [114]
Al,05/polyacene coating 28020 mA g ") - 98% (40 mA g~ after 100 cycles) 248(200 mA g~ 1) [115]
Spinel/carbon coating 312525 mAg™") 89.7% 84.4% (250 mA g~ after 200 cycles) 196.1(1250 mA g~ ') [116]
Mg,TiO, coating 31925 mA g!) - 81% (500 mA g~! after 700 cycles) ~110(2500 mA g~ 1) [117]
Graphene coating 313(125mA g™ 1) >100% - 125(2500 mA g 1) [118]
Mo0,S, coating ~220(100 mA g~ ') - 96.5% (100 mA g~! after 100cycles) 110.8(1000 mA g~ ') [119]
Na,S,0g surface modification 285(25 mA g ') 93.2% 92.2% (25 mA g~ after 50 cycles) 217(250 mA g~ 1) [120]
LiTaOs surface modification 260.5(37.6 mA g 1) 76.8% 80.3% (37.6 mA g~ ! after 200 cycles) 172.4(1128 mA g 1) [121]

Besides, gradient cathode materials have become a hot topic in

recent years [79]. Ju et al. designed a gradient oxide Li; >Mng 44-
C00.04Nig 320, (Fig. 5g), in which Ni element increases and Mn ele-
ment decreases from the bulk to the surface, which could be
proved by Energy dispersive X-ray spectroscopy (EDS) line scan

377

(Fig. 5h-i) [80]. Owing to the gradient distribution of Ni and Mn
elements, the Ni/Mn ratio is much higher at the surface. Therefore,
TM migration was suppressed and the voltage and capacity decay
during long-term cycling decreased. The method has been
extended to other LMR oxides [81,82]. Core-shell structural design
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Fig. 7. (a) Schematic diagram of Al,O3 coated Li;3Nip20C000sMnos202. (b) The capacity-voltage profiles of Al,0; coated Li;>Nip20C000sMngs20, in different cycles.
Reproduced from Ref. [102] with permission from Elsevier. (c) Schematic illustration of different oxygen migration model in bare and SnO, coated Li; >Nig 13C00.13Mng 540>
(filled with oxygen vacancies at the surface). Reproduced from Ref. [103] with permission from Elsevier. (d) Schematic diagram for the surficial structure of AIPO,4 coated LMR
oxide. (e) The Coulombic efficiency of the LMR oxides coated with different ALD cycles of AIPO, during long-term cycling. Reproduced from Ref. [104] with permission from

Elsevier.

Table 6

The electrochemical performance of LMR cathodes with different surface doping and other surface treatments reported in recent years.

Strategy Reversible capacity (mA h g~1) ICE Capacity retention Rate(mA h g~') Ref.

Zr doping 21125 mA g™ - 86% (25 mA g~ ! after 100 cycles) 143 (750 mA g7 1) [122]
Al doping 21525 mAg ") 67.2% 96% (25 mA g~ after 100 cycles) ~97 (1000 mA g~ ') [124]
K doping 28225 mAg ") 80.5% 88% (125 mA g~ ! after 100 cycles) 108 (2500 mA g~ ') [125]
Ni doping 257.1(25 mAg™") 78.6% 89.3% (125 mA g~ after 350 cycles) 169 (1250 mA g~ ') [126]
F doping 192.2(100 mA g™ 1) - 93.6% (200 mA g~ ! after 100 cycles) 169.9 (2000 mA g 1) [129]
F doping 227(36 mAg ") - 88.1% (36 mA g ! after 50 cycles) - [130]
PO;~ doping 296.7(30 mA g') 81.5% 83% (30 mA g~ after 300 cycles) ~160 (1500 mA g~ ') [132]
P03~ doping 290.120 mA g 1) 87.8% 88.2% (100 mA g~ ! after 400 cycles) 150 (1000 mA g 1) [133]
Surface nitridation 255530 mA g ') 74.1% 98.3% (30 mA g ! after 75 cycles) 164.7 (1500 mA g~ 1) [135]

is another effective method to improve the electrochemical perfor-
mance of LMR oxides. We will elaborate on it in Section 3.3.

In addition, since O3-type LMR cathodes suffer severe voltage
and capacity decay, synthesizing O2-type LMR cathodes is also
an effective remedy. Xia et al. prepared an O2-type Li-rich material
with a single-layer Li,MnOs3 superstructure via ion exchange [83].
Owing to this novel structure, this oxide could maintain stable oxy-
gen redox reactions and small structural changes during cycling,
and delivered an extraordinary reversible capacity of 400 mAh g!

In summary, various structure design methods, including intro-
ducing porous structure, structural defects, elemental gradient dis-
tribution and O2-type structure in LMR cathodes could distinctly
promote the electrochemical performance. The detailed electro-
chemical properties of LMR cathodes with different structure
designs reported recently are listed in Table 3. Correspondingly,
there are some limitations with them. Porous structure would
decrease the tap density of cathode materials, thus the volumetric
energy density. Structural defects always require the precise pro-
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permission from Royal Society of Chemistry. (d) Schematic diagram of the detailed synthetic process of the LMR cathode coated with a sandwich-like carbon@spinel@lay-
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cess control, and bring with the relative low capacity. Elemental
gradient design and ion exchange for O2-type structure also
demand complicated synthetic devices, thus increasing the diffi-
culty of commercialization and the production cost a lot.

3.2.2. Bulk doping

Bulk doping has been widely reported as a traditional but effec-
tive method to improve the electrochemical performance of cath-
odes in LIBs, and it has also been widely applied in LMR cathodes
(Table 4).

Elements in the third period like Na and Mg, have been widely
adopted for bulking doping. He et al. successfully introduced Na
ions in the lattice of Li; 5Nig.13C00.13Mng 540, through a polymer
pyrolysis method [84]. Owing to the larger radius of Na*, Li slab
became thicker while Na* replaced Li* in Li layers. As shown in
Flg 6(3), (003) peak for Li],]7Nao.o3[Ni0_13C00_13MHO.54]OZ is located
at a lower angle compared to that for Li;3Nig13C00.13Mng 5402,
implying the increase of Li slab due to Na* substitution. Na doping
successfully enhanced the structural stability and Li* diffusivity.
Thus, Na-doped cathode exhibited better cycling stability com-
pared to undoped counterpart, and it retained 89% of the capacity
after 100 cycles at the current density of 100 mA g~ ! (Fig. 6b). He
et al. used sodium dodecyl sulfate as a surfactant, and homoge-
nously introduced Na* in the layered lattice of Li; ,Nig13C0g 13-
Mng 5405, as shown in Fig. 6(c) [85]. Different from the previous
reports [86], the introduction of Na* caused abundant defects in
the form of stacking faults in the lattice. These stacking faults
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enhanced the structural stability of Li; ;Nig 13C00.13Mng 540, cath-
ode, which displayed better cycling stability. Du et al. performed
the similar experiments [87]. Interestingly, Na ions have not been
introduced to the layered lattice. By contrast, a two-phase compos-
ite formed with a new Nag;MnO, s phase. Li* diffused rapidly
within the boundaries between these two phases, and composite
cathode got superior rate performance (130 mA h g~! at 5 C). Mg
doping can also greatly improve electrochemical performance. Yu
et al. synthesized a novel cathode material Li; 4Mgg 1[Mng 75Nig 5]
0., with uniform Mg doping through coprecipitation and high
temperature solid state sintering [88]. They found that, Mg ions
were prone to take Li sites (4 h), as shown in Fig. 6(d). The Mg
dopant has a distinct effect on promoting Li* diffusivity, which evi-
dently improved the rate performance. As shown in Fig. 6(e), Li; 4-
Mgo.1[Mng 75Nig25]0,+, cathode exhibits a discharge capacity of
130 mA h g ! at 10 C, which is much higher than that of Li; 5[-
Mnyg 75Nig»5]02+s cathode. It has also been reported that, the
improved cycling stability of LMR cathode by Mg doping could
be explained by the reduced charge transfer resistance and the
expansion of the unit cell [89,90]. Besides, TM cations are also
selected to improve the performance of LMR cathodes, such as Ti,
Fe, Ru, etc. [91-94].

In addition, two or more ions together may play different roles
in multiple elemental doping, which make it possible for them to
work synergistically to produce better electrochemistry than the
single elemental doping, namely multi-ion co-doping. Liu et al.
doped Na cation and F anion in Li; ;Nig>Mng O, cathode, as shown
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Reproduced from Ref. [124] with permission from John Wiley and Sons.

in Fig. 6(f) [95]. The Na and F dopants worked synergistically in the
Li; 5Nig2Mng g0, cathode. Na doping partly restricted the forming
of spinel structure during cycling, and F doping increased the ionic
and electronic conductivity. Thus, co-doped Li; 1;Nag ogNig2Mng g-
01.95F005 exhibited excellent cycling stability and rate perfor-
mance, much better than the undoped Li; 5Nig,Mngs0O, and the
samples only doped by Na or F element alone (Fig. 6g). Cation
co-doping has also been reported by Wynn et al [96]. Co and Mo
cations co-doped in Li; ;Nig>2MngO,, in which the degradation of
capacity and voltage were successfully suppressed during cycling.
This could be attributed to the modified distribution of oxygen
charge density by Mo doping, which changed the local band struc-
ture and impeded the formation of oxygen vacancy, making oxy-
gen redox more reversible. Other co-doping methods for LMR
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cathodes like metal ions and nonmetallic ions co-doping have also
been reported recently [97,98].

3.3. Surface modification

Surface modification is another effective way to improve the
performance of LMR oxides, which includes surface coating, sur-
face doping, and other special surface treatment.

3.3.1. Surface coating

To reduce the side reactions at the electrode/electrolyte inter-
face, it is straightforward to build an electrochemically-inert pro-
tective layer, or a surface coating, on the surface of the cathodes
[99-101]. For LMR cathodes, metal oxides, phosphate, fluoride,
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organic polymer, etc. have been chosen as coating materials, as
shown in Table 5.

Al;,03 has been widely adopted in LMR cathodes as one of the
most popular coating materials due to the material availability
and various coating routes. Xu et al. coated highly crystalline
A1203 on Li]_2Ni0A20C00_08Mn05202 thl‘ough the hydl‘OlySiS of alu-
minum isopropoxide [102]. As shown in Fig. 7(a), three different
regions formed from the surface to the bulk: the outer surface
region for Al,O3 coating layer, the surface region for LiM;_,Al,O/
LiMO, (M = Ni, Co, Mn) solid solution, and the bulk region for Li; »-
Nig.20C00.0sMng 5,0,. On one hand, Al,O3 coating layer reduced the
contact area between the electrode and electrolyte, which sup-
pressed cation dissolution to a large extent. On the other hand,
the formed LiM;_,Al,O,/LiMO, hierarchical structure prohibited
the phase transformation at the surface. Nearly no capacity or volt-
age decay was observed in Al,03 coated Li; »Nig20C00.0sMng 520>
cathode during long-term cycling (Fig. 7b). Chen et al. successfully
coated SnO, at the surface of Li; 2Nig 13C09 13Mng 540, cathode with
a uniform thickness of 4-8 nm [103]. The coating layer limited the
side reactions between the electrode and electrolyte, producing a
thin solid electrolyte interface (SEI) and enhancing the rate
performance. In addition, oxygen vacancies were introduced by
the SnO, coating layer, which was beneficial to oxygen migration
in the coating layer (Fig. 7c). Thus, the activation of Li,MnOs in
Li; 5Nig 13C0913Mng 540, cathode was promoted during the
charging-discharging process, increasing the initial capacity.

Phosphates has also been regarded as effective candidates for
surface coating. Xiao et al. coated aluminum phosphate (AIPO4)
at the surface of LMR through atomic layer deposition (ALD)
method [104]. They found a spinel structure formed at the surface
during ALD process, and this spinel layer effectively inhibited the
oxygen release during the first charging-discharging, as shown in
Fig. 7(d). Therefore, the initial Coulombic efficiency of the LMR
cathode was promoted distinctly. When the cathode was coated
with 5 ALD cycles of AIPQ,, it exhibited the best initial Coulombic
efficiency (86.2%), as shown in Fig. 7(e). In addition to the pro-
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moted initial Coulombic efficiency, AIPO, coating was also
reported to improve the capacity stability [105,106]. LisPOy is
another phosphate candidate for surface coating. Lee et al. synthe-
sized Li; 5Nig>Mng g0, with a thin LisPO4 coating layer [107]. The
coating was prepared during the synthesis of Li; ;Nig>2Mngg0-, as
illustrated in Fig. 8(a). As shown in Fig. 8(b), a thin LisPO,4 coating
layer could be observed in TEM image, and it enhanced the rate
performance of Li; 5Nig>Mngg0,. The same coating layer has also
been achieved in Li; »Nig13C09.13Mng 540, by polydopamine tem-
plate method, which enhanced the cycling and rate performance
[108].

Surface coating using fluorides, organic polymers, layered and
spinel oxides etc. for LMR cathodes, have also been widely reported
in recent years [109-113]. Zhang et al. successfully coated AlF; at
the surface of Li; »Nig 15C00.10Mng 550,cathode. The AlF; enhanced
the structural stability and restricted the formation of the spinel
structure at the surface, effectively suppressing the voltage
decay during long-term cycling [111]. Pan et al. constructed a
LiyTMs3_,O4-type spinel shell in Li;;Nig13C09.13Mngs540, oxide by
in situ electrochemical activation [114]. They found that this spe-
cial spinel coating could slow down the activation of Li,MnO;
and alleviate the oxygen loss and Mn dissolution, suppressing
the harmful structural degradation. Zhang et al. synthesized Li; »-
Nig.13C00.13Mng 540, with a thin polyimide (PI) layer coated at the
surface through polyacrylic acid (PAA) precursor, which improved
the cycling stability and rate capability [109]. Multiple-layer coat-
ing could combine the function of individual coating layer
together. Xu et al. designed a mesoporous Al,O3/polyacene
double-shell at the surface of Li; 5Nig20C0g0sMng5,0,. They found
that the best electrochemical performance was achieved
when the coating was with 5 wt% of polyacene, and 98%
of capacity retention could be obtained at 0.2 C after 100 cycles
(Fig. 8c) [115]. Peng’s group synthesized a sandwich-like
carbon@spinel@layered@spinel@carbon shell at the surface of
LMR cathode through a facile template-free method (Fig. 8d)
[116]. Owing to the special shell structure, the as-prepared sample

Morphology design

Fig. 11. Schematic illustration for the recent progress in improving the electrochemical performance of LMR cathodes.
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delivered a high initial Coulombic efficiency of 89.7% and superb
cycling stability, which was demonstrated by a high capacity of
228.3 mA h g! after 200 cycles. Chen et al. employed inverse
spinel-structured Mg,TiO4 coating to suppress oxygen evolution
in Lij2Nig13C09.13Mngs40, oxide [117]. This dielectric coating,
through creating a reverse electric field at the surface, effectively
restrained the outward migration of oxygen anions. The high
oxygen-affinity elements Mg and Ti could also stabilize the surface
oxygen via enhancing the energy barrier for the oxygen release.
Compared to the unmodified counterpart, the modified electrode
showed a superb capacity retention of ~81% after 700 cycles at
2C, as shown in Fig. 8(e).

In addition to these common surface coating, carbon coating or
molten salt were also utilized. Carbon coating with a high electric
conductivity can improve the electric contact between the parti-
cles, thus decreasing the polarization during charging-
discharging. Song et al. wrapped graphene oxide (GO) at the sur-
face of sol-gel synthesized Li; 3Nig13C00.13Mng 540, oxide using a
simple chemical approach and subsequent thermal annealing, as
shown in Fig. 9(a) [118]. Most interestingly, spinel structure
formed at the surface during annealing, which could be observed
in HRTEM shown in Fig. 9(b). The modified Li; 5Nig 13C00.13Mng 54-
0, cathode displayed a high discharge capacity of 313 mAh g ! at
the current density of 12.5 mA g~! and 201 mA h g~! at the current
density of 2500 mA g~!, better than most of the LMR cathodes
reported before. The superior rate performance could be attributed
to the synergistic effect of the GO coating, the formed spinel struc-
ture during annealing, and the recrystallized particles at the sur-
face of the primary particles. Guo et al. used molten MoO,S, to
treat the surface of LMR cathode through a novel chemical-
adsorption method, and the detailed process is shown in Fig. 9(c)
[119]. A continuous and uniform surface modification layer was
obtained since Mo-S and Mo-O bonds in Mo00,S, could flexibly
rotate and well connect with TM cations at the surface. Then, the
thiomolybdate adsorption layer induced the formation of a spinel
structured layer during subsequent annealing, which could provide
extra pathways for Li* and electron diffusion (Fig. 9d). Meanwhile,
the MoO3_,(SO4)y shell formed after MoO,S, modification, which
could suppress the decomposition of electrolyte and inhibit TM
dissolution. Therefore, the modified LMR cathode displayed an
increased capacity of 225 mA h g~! at the current density of
100 mA g~ !, and showed nearly no capacity decay after 100 cycles.
Other molten salt modifications have also been reported in recent
years, such as Na,;S;0g andLiTaOs [120,121].

Although surface coating is one effective method to promote
the electrochemistry, there are still some concerns during practical
operations. (1) The uniformity of the coating. A uniform and thor-
ough coating can effectively protect the active materials. Unfortu-
nately, processing routes which can guarantee the uniformity, like
ALD, can complicate the synthesis procedures and increase the
cost. (2) The thickness of the coating materials. In consideration
of the intrinsic inertness, a thick coating may inhibit the electron
and Li* transport, and decrease the capacity and rate. (3) The bind-
ing force between the coating layer and the active material. The
coating layer may fall off due to the volume change of cathode
materials during cycling if the binding force is weak. High temper-
ature calcination usually can improve the binding force. In brief, an
ideal surface coating is a uniform coating with an optimized thick-
ness and excellent binding force, and it should be implemented
through a facile route.

3.3.2. Surface doping

Surface doping is an effective way to improve electron and ion
conductivity (Table 6). Li et al. synthesized Li; ;Nig.13C00.13Mng 540>
through a coprecipitation method and performed Zr surface doping
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using a wet chemical method [122]. They found Zr element dis-
tributed within a thickness of 1-2 nm from the surface, and this layer
appeared in the form of rock-salt structure, as shown in Fig. 10(a).
The modified sample exhibited better cycling stability compared
to un-modified one, and it could retain 83% of the initial capacity
after 100 cycles at 1/3C, as shown in Fig. 10(b). The promoted cycling
properties could be attributed to the rock-salt structure formed at
the surface, which could inhibit the formation of spinel phase during
the first cycling. As shown in Fig. 10(c), no spinel structure could be
observed in the modified Li; ,Nig 13C00.13Mng 540, cathode after 100
cycles. Al doping has been reported as another effective way to pro-
mote the performance of LMR cathodes [123]. Nayak et al. doped
Li; »Nig.16Mng 56C00.080> (Fig. 10d) with different contents of Al ele-
ment and found that Li]_zNio_]6MI’1051A]0.05C00_0802 exhibited the
best electrochemical performance [124]. The cooperation of Al ele-
ment at the surface and in the bulk could be accomplished at this
ratio, and it not only decreased the impendence but also stabilized
the bulk structure. As shown in Fig. 10(e), the voltage decay was also
effectively suppressed during long-term cycling. Furthermore, sur-
face modifications of LMR cathodes using nickel and potassium ele-
ments have also been reported in previous studies, all of which
exhibited better electrochemical performance compared to the un-
modified LMR cathodes [125,126].

In addition to cation doping, anion doping is another route for
enhancing LMR cathodes. One of the most widely reported doping
elements is fluorine, which has also been widely used to dope
others layered cathodes [127,128]. Lin et al. found that, after the
surface F doping, the cyclic stability was greatly enhanced, deliver-
ing a capacity retention of 93.6% after 100 cycles at 1C [129].
Though surface F doping, Yang et al. demonstrated that the forma-
tion of vicious LiF in the SEI layer was suppressed, and thus stabi-
lizing the electrode/electrolyte interface [130]. Breddemann et al.
successfully doped F element in Li; 15Nig20C00.11Mng 5505 by intro-
ducing fluorine gas [131]. They discovered that the rate perfor-
mance of F-doped LMR cathode was closely related to the F
doping content, and it was improved with a low content of F ele-
ment. This might be attributed to that, the effect of F element only
occurred at the surface, and too much F would decrease Li* diffu-
sivity in the bulk. Polyanion doping has also been reported
recently, and it could also promote the electrochemical perfor-
mance of LMR cathode to varied extents [132,133].

3.3.3. Other surface treatments

Erickson et al. synthesized a LMR material with ammonia surface
modification [134]. Co and Mn reduction in the bulk and the forma-
tion of LiOH, Li,COs, and Li,O at the surface (due to removal of Li-ion
from the bulk) could be observed in the ammonia modified LMR
cathode. In addition, the structure rearrangement occurred in the
bulk of ammonia modified LMR cathode, and it reduced the coordi-
nation number of Co-O and Mn-O bonds, inhibiting the forming of
spinel phase. Therefore, the ammonia modified LMR cathode exhib-
ited superior capacity and voltage retention, much better than the
un-modified LMR cathode. Similar work has also been reported by
Zhang et al., who applied a surface nitridation treatment to Li; ;7-
Nig25Mng 580, [135]. The nitridation treatment was accomplished
by heating Li; 17Nip25Mngsg0, at 400 °C in the ammonia atmo-
sphere. A trace amount of nitrogen was detected at the surface by
XRD, SEM, TEM and X-ray photoelectron spectroscopy (XPS). Owing
to the high electrocatalytic activity of nitrogen, the discharge capac-
ity, rate capability, and cycling stability were simultaneously pro-
moted. The modified cathode exhibited a discharge capacity of
255.5 mA h g~! and nearly no capacity decay was observed after
60 cycles at the current density of 30 mA g~ .

In addition, introducing electrolyte additives to form a protec-
tive interface for LMR cathodes is also an effective method. Zheng
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et al. utilized the phenyl vinyl sulfone (PVS) as a novel electrolyte
additive and the cycling stability of Li; ;Nig 13C0g.13Mng 540, cath-
ode was markedly promoted [136]. This could be attributed to
the function of PVS molecule: the aromatic ring enhanced the
chemical stability of the interface, and the sulfur enhanced the
ionic conductivity. Tan et al. used (C3HFgO);PO (HFiP) as the elec-
trolyte additive for Li;>Nig16C000sMngss0, cathode [137]. HFiP
could decompose at the surface of the LMR cathode around 4.2 V
(before the decomposition of the solvents) to form a stable CEI
layer, which greatly promoted the cycling performance.

It is possible to achieve multiple purposes in one-pass surface
treatment, including elemental doping, surface coating, the forma-
tion of surficial spinel phase, and etc. The combination of these
modifications may lead to better performance than the individual
modification mentioned above. However, it is also more difficult
to precisely control the effect of each individual medication. Nev-
ertheless, it is normally difficult to ensure a uniform surface after
modifications.

4. Conclusion and perspective

In conclusion, LMR layered oxide as one of the most promising
next-generation cathodes, still suffers some disadvantages, includ-
ing the low initial Coulombic efficiency, poor rate performance,
and severe voltage and capacity decay. In order to accelerate its
commercialization, researchers have developed various effective
methods in recent years. We divide these methods into three cat-
egories (Fig. 11), and introduce them through various cases in
details. Moreover, the issues and limitations for each method are
also discussed.

Although a large number of research achievements have been
reported, there are still some concerns to be considered before suc-
cessful commercialization.

1. Although the initial Coulombic efficiency of LMR cathode has
been promoted by the modification methods mentioned above, it
still cannot meet the requirement for a practical LIB system.

2. The previously reported modification methods can only pro-
mote the electrochemical performance of LMR cathode in one or
two aspects, which cannot solve all the problems mentioned above.
Thus, better modification methods still need to be developed.

3. The processing cost should be considered. Most of the modi-
fication methods mentioned above are complex and expensive, and
they are not ready for extensive application.

4. It is recommended to improve the performance of LMR cath-
ode from the aspect of the structure unit design, since the electro-
chemical performance largely depends on the structure units, and
little related work is reported.

5. Compared with LCO, LMR cathode has a low tap density due
to the polycrystalline morphology consisting of nanosized primary
particles. Therefore, the tap density of LMR cathode should be pro-
moted a lot before the commercialization. One effective method to
promote the tap density of the layered materials is to synthesize
single crystal layered materials, which has been utilized in LCO
and Ni-rich NMC cathode [138,139]. The single-crystal layered
cathodes can achieve a larger tap density compared to
secondary-particle layered cathodes, because the density of a sin-
gle crystal particle is close to the theoretical value.
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