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ABSTRACT

Mn-based oxides have been regarded as a promising family of cathode materials for high-performance
lithium-ion batteries, but the practical applications have been limited because of severe capacity deteri-
oration (such as LiMnO, and LiMn,0,4) as well as further complications from successive structure changes
during cycling, low initial coulombic efficiency (such as Li-rich cathode) and oxidization of organic car-
bonate solvents at high charge potential (such as LiNig sMn; 504). Large amounts of efforts have been con-
centrated on resolving these issues towards practical applications, and many vital progresses have been
carried out. Hence, the primary target of this review is focused on different proposed strategies and
breakthroughs to enhance the rate performance and cycling stability of nanostructured Mn-based oxide
cathode materials for Li-ion batteries, including morphology control, ion doping, surface coatings, com-

Modification posite construction. The combination of delicate architectures with conductive species represents the
perspective ways to enhance the conductivity of the cathode materials and further buffer the structure
transformation and strain during cycling. At last, based on the elaborated progress, several perspectives
of Mn-based oxide cathodes are summarized, and some possible attractive strategies and future develop-
ment directions of Mn-based oxide cathodes with enhanced electrochemical properties are proposed. The
review will offer a detailed introduction of various strategies enhancing electrochemical performance and
give a novel viewpoint to shed light on the future innovation in Mn-based oxide cathode materials, which
benefits the design and construction of high-performance Mn-based oxide cathode materials in the
future.
© 2020 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by

ELSEVIER B.V. and Science Press. All rights reserved.
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1. Introduction

Li-ion batteries (LIBs) have been considered as one of the most
hopeful energy storage technologies because of the high voltage,
excellent cycling stability and environment friendly nature [1,2].
Unfortunately, the large-scale application of LIBs to power EVs
(electric vehicles) or HEVs (hybrid electric vehicles) are observably
impeded by some main technical obstacles, such as low power
density, high cost and poor safety characteristics. As we know,
the electrochemical property of Li-ion batteries is principally
decided by the electrode materials. Actually, cathode materials
act a vital role in the determination of capacity, battery voltage,
energy density, safety and cycle life of LIBs. In addition, the cathode
material for the full battery costs by 40%. Until now, four main
types of cathode materials have been studied intensively, i.e. lay-
ered transition metal oxides (TMOs), Mn-based oxide spinels,
phosphate and silicate materials [3-6]. Among all cathode materi-
als, Mn-based oxide cathodes have been paid much attention due
to their large nature abundance, low cost as well as different crys-
tal structures and phases [7-12]. For instance, spinel LiNipsMn s-
0, shows a high energy density of 650 Wh kg~! due to its high
operating voltage of 4.7 V, which is higher than some commercial-
ized cathode material, such as LiCoO,, LiFePO4 and LiCoy/3Niy3-
Mn; 30, [13]. The layered Mn-based Li-rich materials can deliver
excellent reversible capacity of ~280 mAh g~!, and then shows high
energy density ofabout900 Wh kg~! [3]. Unfortunately, several
challenges still need to be resolved for Mn-based cathode materials
before large-scale applications, including the Mn dissolution for
LiMnO,, LiMn,04, LiMnPO4 and LiMn,SiO,4 due to the Jahn-Teller
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effect [14-16] and poor initial coulombic efficiency, electrolyte
decomposition for Mn-based Li rich materials and LiNigsMn; 504
due to the high charge voltage [17,18]. The Jahn-Teller theorem
essentially states that any nonlinear molecule with a spatially
degenerate electronic ground state will undergo a geometrical dis-
tortion that removes that degeneracy, because the distortion low-
ers the overall energy of the species. Such a theorem can also be
applied to descript the geometrical distortion that occurs in crys-
tals. Mn>* ion has a high-spin d* configuration, which is clearly typ-
ically Jahn-Teller active. For Mn>" ions in MOg octahedrons, the
high and low spin arrangements are t3,es and (3, respectively,
which result in odd number of electrons in e; and t,, orbitals
respectively and thus the occurrence of the Jahn-Teller effect. It
induces two long bond lengths along the z-axis direction and four
short bond lengths in the xy-plane or two short bond lengths along
the z-axis direction and four long bond lengths in the xy-plane [16].
The Jahn-Teller effect induced volume and cell distortion of the
electrode, and then resulted in a rapid mechanical degradation of
the electrode. Hence, numerous strategies have been used to con-
quer these challenges, including surface modification, doping, con-
struction nanostructure with unique morphology. The lattice
doping can alleviate the Jahn-Teller effect, and then restrain Mn
dissolution. Surface coating can reduce the direct contact between
Mn-based cathodes and electrolyte, and then restrain side reaction
between cathode and electrolyte.

Compared with bulk cathode materials, nanostructured cathode
materials show a lot of structure-dependent superiorities due to
the characteristics including high surface-to-mass/volume ratio,
diminutive building blocks, enhanced accommodation of the strain
and robust secondary configuration. The high surface area can pro-
vide more active sites for electrochemical reaction and promote
the electrolyte diffusion. The small-sized particles can shorten
transfer path of ions and electrons, and then promote the ion or
electron transport kinetic performance [18,19]. In addition, the
electrochemical performance of nanostructured cathode materials
can be further enhanced by tailoring their size, morphology, and
composition. All these characteristics of nanostructure usually
effectively enhance the reversible capacity and cycle performance
of cathode materials even at large current densities. Although
some reviews of these Mn-based oxides as cathode materials are
continually emerging, most reviews only focus on a single com-
pound or material, such as Mn-based Li-rich materials, LiMn,04,
LiNigsMn; 504. Apparently, the review articles mentioned above
do not cover the new development of Mn-based oxide cathodes.
As far as we know, a critical review that deeply emphasizes on
the electrochemical performances of various Mn-based oxides as
cathode materials of Li-ion batteries, such as LiMnO,, Mn-based
Li-rich materials, LiMn;O,4, LiNigsMn;s04 has not yet been
reported. Hence, the primary target of this review is focused on dif-
ferent proposed strategies and breakthroughs to enhance the rate
performance and cycling stability of nanostructured Mn-based
oxide cathode materials for LIBs, including morphology control,
surface coatings, composite construction, ion doping. Each strategy
has its relative merits and disadvantages. The traditional morphol-
ogy control is based on various nanostructures including 1D (one-
dimensional) nanofiber (or nanorods, nanotubes, nanowires), 2D
(two dimensional) nanosheet (nanoplate) and 3D (three-
dimensional) microstructure composed of 1D or 2D nanostruc-
tures. The morphology control can reduce the transmission path-
way of lithium ions and electrons based on the ion diffusion
equation, and then improve the electrochemical performance of
electrode materials. However, the intrinsic low conductivity of
electrode materials for LIBs usually results in high polarization
cycled at high current densities. In addition, the electrode materi-
als suffer from the aggressive electrolyte oxidation at the later
stage of charging and the transitional metals dissolution in the
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HF-containing electrolyte, resulting in serious structure deteriora-
tion. Surface coating or composite construction with a conductive
layer is an effective strategy to improve the conductivity of elec-
trode materials and interfacial stability between electrode and
electrolyte, which can reduce the direct contact between electrode
materials and electrolyte, and then restrain side reaction between
cathode and electrolyte. However, a uniform surface coating
around the whole particle of electrode materials is difficult to
achieve. Fortunately, element doping has been proved to be an effi-
cient strategy to enhance the inherent conductivity of electrode
materials. The doping can alter the bond strength, the local envi-
ronment of the lattice, the valence state of cations, and then the
lattice defect may be introduced. Doping can also purposefully cre-
ate gaps or alter the size of channels by enhancing the stability of
the primary skeleton, or alter ion inter-atomic forces to promote
the ions transmission, then enhances the conductivity of electrode
materials [1]. A combination between morphology control and sur-
face coatings, composite construction, ion doping may be a more
effective strategy to achieve deeper insight into the structure-
performance issues, which contribute to the rational design and
structure optimization of Mn-based cathode materials. At last, an
insight into the future development directions of manganese-
based oxide cathodes is proposed. The review will offer a scientific
and detailed introduction of various enhancing strategies and give
a novel viewpoint to shed light on the future innovation in Mn-
based oxide cathode materials, which benefits their design and
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construction of high-performance Mn-based oxide cathode materi-
als in the future.

2. Nanostructured LiMnO, cathode material

LiMnO, is a homogeneous polycrystalline compound, which has
three structures (Fig. 1a): Orthorhombic, monoclinic and rhombo-
hedral structures with space group Pmnm, C2/m and R3-m,
respectively. Orthorhombic LiMnO, belongs to the orthorhombic
crystal system and its space group is Pmnm. It is usually abbrevi-
ated as o-LiMnO,. In the crystal, LiOg and MnOg octahedrons are
arranged alternatively, and the shift of Mn>* towards lithium layer
leads to a Jahn-Teller distortion effect, which elongates the MnOg
octahedron framework by 14%. Monoclinic LiMnO, abbreviated
as m-LiMnO, belongs to the monoclinic crystal system, and it has
an a-NaFeO, type structure, which is like that of LiCoO, and LiNiO,.
The space group of m-LiMnO, is C2/m, and it is stable in air and
possesses a NaCl-type microscopic structure. In this structure,
two different kinds of ions are arranged alternatively along the
[110] direction. Tetragonal LiMnO, is represented as t-LiMnO,
and it belongs to the tetragonal crystal system with a space group
0f I41/ama. The distribution of the cations can be expressed as [Li*]s-
ALi*T16d/Mn3*]16403 . 8a site represents the tetrahedron position,
while 6¢c and 16d sites are the octahedron ones. At present, the
structure used as the cathode material for LIBs application is
mainly the layered LiMnO,. Based on the one-electron transfer

@ Manganese
@ Oxygen

D Lithium

(e) P4;32

Fig. 1. Crystal structure of (a) LiMnO, with different space groups, (b) LiMO, and Li;MnOs [8], (c) LiMn,04 [11], LiNig5sMn, 504 with (d) Fd-3 m and (e) P4532 space groups
[12]. Reproduced from Refs. [8,11,12] with permission from the American Chemical Society.
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between Mn>" and Mn**, the theoretical capacity of LiMnO, cycled
between 2 and 4.5 V is 286 mAh g~! [20]. The mechanism of capac-
ity fading can be summarized as follows: (1) Mn dissolution form
the disproportionation reaction of 2Mn3**— Mn?* (electrolyte-
soluble) Mn**; (2) oxygen evolution at LiMnO,/electrolyte inter-
face; (3) structure transformation to spinel phase.

The LiMnO, can be an ideal replacement with a large practi-
cal capacity of 200 mAh g ! and low cost. Nevertheless, the
awful cycling stability hinders the practical application [21]. Fur-
thermore, the nanostructure has attracted much attention
because of the larger specific surface and enhanced energy den-
sity [22]. Hence, effort has been devoted to the o-LiMnO, mate-
rials. Table 1 summarizes the crystallographic structure,
morphology, synthesis method and cycle performance of several
nanostructured o-LiMnO,, and the corresponding SEM images are
shown in Fig. 2.

The layered LiMnO, has been considered as a hopeful alterna-
tive to LiCoO, because of its large theoretical capacity, low cost,
low toxicity, and high safety in overcharge conditions. Although
LiMnO, has similar chemical formula to LiCoO,, the structure is

Table 1
Morphology, synthesis method and cycling performance of nanostructured o-LiMnO,

Morphology  Synthesis Electrochemical properties including Ref.
method initial specific capacity, capacity
retention (cycles, rate, voltage
range)
Nanorods Hydrothermal 260 mAh g, 66.9% (7, 1/20C, 2.0- [23]
conversion 4.5V)
Nanorods Hydrothermal 148 mAh g1, 75% (30, 0.1C, 2.0- [24]
route 4.5V)
Nanoplates Hydrothermal 235 mAh g~' (second), 80.8% (20, [25]
route 0.01Ag! 20-45V)
Nanospheres Microwave- 228 mAh g, 70.2% (50, 0.1C, 2.0- [26]
hydrothermal 4.5V)
routine
Nano- One-step 138.2 mAh g1, 100% (30, 0.05C, 2.0-  [27]
particles hydrothermal 43 V)
method
Nano- Hydrothermal 166 mAh g1, >90.4% (6, 0.05C, 2.0- [28]
particles method 4.5V)
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not identical to the layered O3-structure as it is easy to crystallize
in an orthorhombic phase. In addition, the metastable layered
phase gradually transforms into a highly disordered spinel-like
LiMn,0, during cycling because the layered LiMnO, rock salt struc-
ture is very similar to spinel. To resolve these issues, nanostruc-
tured metal ions-doped LiM,Mn;_,0,, such as Mn-based Li-rich
phase (xLi;MnO3-(1 — x)LiMO,, M = transition metals) are pro-
posed. The Mn-based Li-rich phase shows higher reversible capac-
ity and cycling stability than those of LiMnO,.

3. Nanostructured Mn-based Li-rich cathode materials

Mn-based Li-rich compounds (xLi,MnOs-(1 — x)LiMO;, M = tran-
sition metals) can be considered as a composite between mono-
clinic Li;MnO3 (C2/m structure) and trigonal LiMO, (R-3 m
structure) at the atomic level (Fig. 1b). Li;MnO3; can be denoted
as Li[Li;;3Mny/3]0,, and then can be denoted as layered LiMO, com-
pounds. It is an O3-type structure where interslab octahedral posi-
tions are only taken up by Li whereas slab octahedral positions are
taken up by Li and Mn with a molar ratio of 1:2 [29]. Mn-based Li-
rich compounds with a large practical capacity of about 250 mAh
g~ ! have been regarded as one of a hopeful cathode material with
great promise. The Li;MnOs; component can provide additional
lithium ions at potentials higher than 4.50 V, resulting in the
improvement of working voltage and thermodynamic stability
[30]. To show the complicated electrochemical reaction mecha-
nisms of Mn-based Li-rich electrode, a schematic diagram of struc-
ture change for Li;MnOs;-LiCoy;3Mny;3Niy;30, during the initial
cycle is systematically given in Fig. 3 by Yi et al. [31].

The charge mechanism below 4.40 V at the first cycle is as
follows:

Charge
—

XLizMHO3 . (1 — X)Lic01/3Mﬂ1/3Ni1/302

(1
XLizMHOg, . C01/3MI11/3Ni1/302 + (l — X)Li+ + (1 — X)€7

As shown in Fig. 3(a), Li* ion is taken off from the LiCoy;sMnys-
Ni; 30, along with the oxidation of Ni ions from Ni** to Ni*" and Co
ions from Co?* to Co>*. However, Li,MnO; does not exhibit electro-
chemical activity because Li* ions are difficult to enter the man-
ganese layer. When the charging voltage exceeds 4.40 V, Li;MnO;

Fig. 2. Morphology of nanostructured o-LiMnO, with various synthesis methods (a, b) nanorods [23,24], (c) nanoplates [25], (d) nanospheres [26] and (e, f) nano-particles
[27,28]. Reproduced from Refs. [23-25,27] with permission from Elsevier. Reproduced from Refs. [26,28] with permission from the American Chemical Society.
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LiMnO:

Fig. 3. Schematic diagram of structure change for Li;MnO3-LiCoy;3Mny3Niy 30, during the initial cycle [31]. Reproduced from Ref. [31] with permission from Elsevier.

could be activated and then consumed with a deintercalation of Li*
ion from the host structure, and then 0%~ vacancy appears, result-
ing in sectional cation disordering and formations of f-MnO, phase
(Fig. 3b). Therefore, the charge mechanism above 4.40 V at the first
cycle is as follows:

XLi,MnO; - (1 — x)Coy sMny 3Ny 30, ¥ xMnO, - (1
— X)CO1/3MH1/3Ni1/302 + XLizO (2)

Obviously, the formation of Li,O results in an irreversible capac-
ity loss of the Li-rich cathode. During the discharge process at the
first cycle, the discharge mechanism is as follows (Fig. 3c):

+ Dlsharge

xMnO, - (1 — X)CO]/3MH1/3Ni]/302 +Li
— X)C01/3LiMn1/3Ni1/302

xLiMnO, - (1
3)
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In the following cycle, the charge and discharge mechanism is
as follows:

. . . Charge
xLiMnO, - (1 — X)CO1/3L1MH1/3N]]/302

Disc?arge
xMnO, - (1 — X)CO]/3MH1/3Ni]/302 + Li* +e

(4)

However, during the discharge process at the first cycle, the a
few Li* ions may enter the octahedral interstitial sites of man-
ganese ions, and a layered LigoMnO, can be formed step by step
via an unordered cation arrangement. The formed LigoMnO, can
translates into spinel LiMn,0, in following cycles, resulting in a
voltage attenuation [32]. The capacity fading mechanism of Mn-
based Li rich cathode can be summarized as follows: (1) The oxida-
tion of electrolyte because of high charge voltage; (2) the forma-
tion of Li,O at the first cycle; (3) structure transformation to
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spinel phase. Hence, the nanostructure or micro-nano structures
have been considered as one of an efficient strategy to improve
the electrochemical performances of Mn-based Li rich materials.
The nanostructure can shorten the lithium ion migration pathway,
and then enhance the rate capacity even at high rates [33,34]. The
micro-nano structures consisted of nanoparticles can contribute to
decreasing the side reactions, and then improves cycling stability.
Miao et al. [35] prepared nanosized xLi;MnOs5-(1 — x)LiNiy;3C013-
Mn; 30, (x = 0.2, 0.4, 0.6, 0.8) by microwave hydrothermal method.
The particle size is of 50-100 nm. The 0.4Li;Mn03-0.6LiNi;;3Co3-
Mn; 30, shows the best cycling performance, and it exhibits an ini-
tial specific capacity of 325 mAh g~! with a capacity retention of
about 72.2% at 0.1C after 50 cycles.

The one-dimensional (1D) structures can offer a shortened dif-
fusion path of ions and electrons along the narrow radial dimen-
sions. Especially, 1D porous structures consisted of nanoparticles
are attractive because the connected porous framework can not
only allow for effective active mass-electrolyte contact but also
alleviate the strains related to the structure transition upon
repeated lithium ion insertion [36]. Kim’'s group [37] fabricated Li
[NigosLlip1sMngg]O, nanowires with diameter of 30 nm via
template-free synthesis. The nanowires show an improved initial
specific capacity of 311 mAh g~ ! at 0.3C because of the decreased
Li-ion diffusion distance and stabilizing structure with Ni?" as pil-
lars. Hosono and partners [38] synthesized Li;;Mngs33Nig133-
C00.1330> hollow nanowires by electrospinning. After heating, the
hollow structure is clear. It shows an initial discharge capacity of
over 250 mAh g~! at 0.1 A g~!, and maintains over 200 mAh g~!
after 20 cycles. Lee et al. [39] synthesized Li;05C00.33Mng490;
nanowires with a diameter of 50 nm through hydrothermal pro-
cess using Cog4Mngg0, nanowires and lithium nitrate as precur-
sors (Fig. 4a). It shows a good rate capability, and it also
indicates a high discharge capacity of 220 mAh g~ ! even at 15C dis-
charge rate (Fig. 4g). In addition, it also indicates a good cycle sta-
bility with a capacity retention of 92% at 1C rate after 50 cycles
(Fig. 4g). Yang et al. [40] synthesized the porous Lijg9Mngs4s-
Nig 3640, nanorods (LLNMO PNRs) by an impregnation process fol-
lowed by a facile solid-state reaction using the Mn,03 porous
nanorods as precursor. The prepared LLNMO PNRs shows a highly
porous morphology of nanowire composed of interconnected
nanosized subunits with a diameter of ~50 nm and a length of
about 5 mm (Fig. 4b and c). The nanorods obtained an initial speci-
fic capacity of 275 mA h g~ ! at with capacity retention of ~90% 0.2C
over 100 cycles. He et al. [41] designed a 3D porous Li; ;Mngs6-
Nig.16C00.0302 (PS-LMNC) material integrated with an in situ gener-
ated surface containing carbon-based compounds prepared by a
Simple method (Flg 4d) In contrast, Li]AzMnoAsgNio_l(;COU.ogOz (CP-
LMNC) was also synthesized by a traditional coprecipitation pro-
cess. PS-LMNC shows more excellent cycling stability than CP-
LMNC at 0.5C rate (Fig. 4e), and PS-LMNC shows an excellent
capacity retention rate of 98% corresponding a very small loss of
4.5 mAh g~ ! after 100 cycles. Moreover, PS-LMNC also shows an
excellent cycling stability with a capacity of 150 mAh g~ ! and a
high capacity retention rate of 95% at 2C after 500 cycles
(Fig. 4e). Moreover, a small loss of energy of PS-LMNC can be found,
but no voltage decay can be found during a long cycle (Fig. 4f). Fu
et al. [42] synthesized hollow porous hierarchical (HPH) Li -
Mng 06C00.12Nig 120, (LLO) with a homogeneous flower-shaped
morphology composed of small interconnected nanoplates by a
solvothermal process. The hierarchical flower-shaped structure
has a mean size of 20 pum, which is fabricated from tens of pyra-
mids with a length of about 10 pum (Fig. 4h). The HPH LLO shows
an excellent capacity of 154 mAh g~ ! and a good cycle performance
with an ignorable capacity fading over 200 cycles even at 10C
(Fig. 4i).
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Jiang et al. [33] prepared hollow Li; 13Mng sg5Nig 304MnNg 30402
microspheres via a simple in situ template-sacrificial method, as
illustrated in Fig. 5(a). The hollow microspheres are formed by a
nanoscale Kirkendall effect. Thus, the hollow microspheres display
a high reversible capacity of 295 mAh g~! after 100 cycles and
obtained 125 mAh g ' at 1 A g~ . Even at elevated temperature,
it shows much enhanced electrochemical performance. Yang
et al. [43] synthesized xLi;MnOs;-(1 — x)LiNij;3C01;3Mny;30;
(x = 0.57, 0.48, and 0.44) nanoplates with a diameter of 200 nm
and thickness of 60 nm through solid-state method using MnO,
as self-template. The nanoplates with x = 0.44 obtained the highest
specific capacity of 270 mAh g~! among all samples.

In general, this hierarchical porous structure can provide low
energy barrier for lithium ion migration, and large specific surface
area accessible to the electrolyte, all of which promote the electro-
chemical reaction in the Mn-based cathode. In addition, the pres-
ence of a big internal cavity and a highly porous shell can
accelerate the electrolyte diffusion into the internal space of the
material as well as offer abundant open channels for rapid lithium
ion transfer and more extra active sites for the storage of lithium
ion. In addition, other strategies also have been used to enhance
the rate performance and cycle stability, which mainly includes
doping and surface coating. In general, there are four ways to dope
the Mn-based Li-rich material: (1) Na [44], Mg [45] doped at Li site;
(2) cations doped at the transition metal (TM) site, such as Cu [46],
Zn [47], Cr [48], Mg[49], Al [50], La [51], Fe [52], Ti [53], Zr [54], Ru
[55], Si [56], Sn [57], V [58]; (3) O substituted by F [59]; (4) B and
other elements doped in the TM layer to form polyanion (BO4)*~
[60]. The purpose of the doping is to improve the electronic
conductivity or broaden the migration channels of lithium ions.
For example, Yi et al. [49] synthesized Co-free Mn-based Li-rich
materials (Lij.17Nig25_xMngs5sMg,0,) via a coprecipitation process.
They used DFT + U method to prove that the doped Mg?* occupy
either in the Li (3a) sites or in the Ni (3b) sites of LiMO, phase
for the first time, which contributed significantly to the rational
design and construction high-performance Li-rich materials and
the understanding of the electrochemical reaction mechanism of
Li-rich materials. Lin7Ni0.23Mn0_53Mg0.0202 shows the hlghest
reversible capacity of about 148 mAh g~! and cycle performance
with a capacity retention of ~95% at 2C charge/discharge rate after
100 cycles. Ding et al. [56] synthesized Si/Sn-doped Li; ;Mngs4-
Nip.13C00.13X0.0302 (X = Si, Sn) cathodes by a sol-gel route, and
Sn-doped cathode shows the highest rate capacity, especially in
high discharge rates (Fig. 5b). In order to explain the reasons,
Fig. 5(c-f) shows that TMO, (slab thickness) and Li (interslab spac-
ing) layers are rearranged due to the Si/Sn substitution. The large
radius of Sn** cations leads to the increase of TM-O-TM bond
angle between two adjacent TMOg polyhedrons along the a/b
directions and the expansion of lattice parameter a. Furthermore,
the shrinkage of the slab thickness (TMO, layer) also causes the
expansion of the Li layer spacing, which improves the rate capabil-
ity of the doped materials, despite the changes of the slab thickness
and interslab space exhibit an opposite trend.

Surface coating is another effective way because it can avoid the
direct contact between cathodes and electrolyte, and then reduces
the side reactions. The perfect coating layer should effectively
restrain side reactions by serving as a physical protective barrier
to reduce the direct contact between Li rich cathodes and elec-
trolyte, and then restrains the dissolution of TM, evolution of O,
and irreversible phase transition [61,62]. In addition, the coating
layer should have high ionic conductivity, excellent electronic con-
ductivity, good chemical stability and provide a stabilized the
interface between cathode and electrolyte. In general, there are
five ways to coat the Mn-based Li-rich material: (1) Carbon coating
with different carbon sources [63,64] and conducting polymer
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Fig. 4. (a) TEM picture of Li; 0sC0033Mng 490, nanowires [39]; (b) SEM and (c) TEM pictures of porous Li; goMngs45Nip 36402 nanorods [40]; (d) schematic diagram of the
formation of porous Li; ;Mng 56Ni.16C00.0s02, (€) cycle performance of CP-LMNC and PS-LMNC at 0.5C (Inset is the cycle performance of PS-LMNC at 2C), and (f) dQ/dV profiles
of the PS-LMNC in the different cycles at 0.5C [41]; (g) rate performance and cycling stability of Li;06C00.33Mng4902 nanowires [39]; (h) SEM image and (i) cycling
performance of hollow porous hierarchical 0.5Li,MnOs3-0.5LiMng 4C003Nig30, [42]. Reproduced from Refs. [39,42] with permission from the American Chemical Society.

Reproduced from Refs. [40,41] wi

th permission from The Royal Society of Chemistry.

[65,66]; (2) transition metal oxides coating, such as ZrO,, TiO,,
Al,03, MgO; (3) metal fluoride coating [59]; (4) phosphate coating
[60], (5) fast ion conductors modification. For example, Xia et al.
[64] reported an improved electrochemical performance of
heterostructured L@S@C (Li].]42M1’10.475Ni0_192C00V19202@Spinel@-
carbon) synthesized by carbonization-reduction method, and the
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thickness of the carbon layer is about 6 nm (Fig. 6a). The apparent
shell of spinel and carbon with high electronic conductivity reduce
the direct contact between Li rich cathodes and electrolyte
(Fig. 6b), and L@S@C shows more excellent reversible capacity than
pristine Li rich cathode at high current densities. As given in Fig. 6
(c), L@S@C delivers a discharge capacity of ~120 mAh g™, but the
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pristine Li rich cathode almost cannot deliver capacity. The
improved capacity is from the enhanced electronic conductivity
because the coated conductive carbon layer can effectively
decrease the polarization during cycling. Wu et al. [66] used poly
(3,4-ethylenedioxythiophene) (PEDOT) and poly(styrenesulfonate)
(PSS) to coat Li rich cathode (Li;>Nig;Mngg0,), and obtained an
obviously improved reversible capacity. According to the contents
of 1 wt%, 3 wt% and 5 wt% PEDOT:PSS, the samples are denoted as
PP1, PP3 and PP5, respectively. As shown in Fig. 6(d), the conduct-
ing polymer coated Li rich cathodes indicate higher specific capac-
ities and more excellent cycling stability than pristine one at 1C
rate, and PP3 indicates the largest reversible capacity with 146.9
mAh g~! after 100 cycles among all samples [66]. The conductive
polymer coating enhances the conductivity of Li rich material,
and then enhance the cycle performance and reversible capacity,
especially in high discharge rates.

TMOs or metal fluorides, such as MoO, [67], PrgO1; [68], Al,03
[69], Er,03 [70], SnO, [71], FeOy [72], CeO, [73], ZnO [74], TiO,
[75], Smy05 [76], ZrO, [77], La,05 [78], CaF, [79], MgF, [80], FeF;
[81], CeFs [82] and AlFs; [83], have been applied to coat Li rich
materials. The above-mentioned coating materials may protect Li
rich cathode materials from attacking by HF, and decrease the dis-
solution of transition metal ion, then stabilize crystal structures
during cycling. For instance, Hu et al. [73] reported the preparation
and electrochemical property of CeO, coated Li;>Mngs4Nig 13-

554

C00.130, (COLR) by sol-gel route. As shown in Fig. 6(e), COLR shows
higher reversible capacity and capacity retention of 80.4% than
pristine Li; ;Mng 54Nig 13C0g.1302 (57.3%) after 150 cycles at 1C rate.
The electrochemical performances are enhanced mainly because of
the coated CeO, protective layer, which can restrain the cathode
materials from attacking by HF, and reduce the dissolution of tran-
sition metal ion during cycling (Fig. 6f). Zheng et al. [83] used AlF3-
coating to enhance the electrochemical property of
Li; 5Nig 15C091Mng 550, (LMR). As shown in Fig. 7(a), the pristine
LMR shows a rapid capacity fade, and only delivers a capacity of
169 mAh g~! with a capacity retention of about 81% after 100
cycles at 0.3C, but there is almost no capacity attenuation for the
AlF3-coated LMR. The AlF3-coating restrains a SEI film growing pro-
cess of continually creating on the surface of particle, and protects
the LMR cathode from serious corrosion by HF from the electrolyte
(Fig. 7b).

Metal phosphates as coated materials, such as LisPO4 [84,85],
FePO, [86], AIPO4 [87,88], PrPO4 [89], SmPO,4 [90], have been also
applied to enhance the electrochemical property of Li rich cathode
because the high electronegativity of (P0,)*>~ polyanions can result
in high reaction resistance between the coated cathode and elec-
trolyte. Hence, metal phosphates-coated Li rich cathode usually
shows excellent cycling stability. For example, Wu et al. [87] used
AlIPOQ, as coated layer to improve the electrochemical performance
of Li]_2F€0_1Nio_]5MHO.5502. As shown in Flg 7(C), the A1P04 (5 Wt%)—
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coated Lij 5Feq 1Nig.15Mng 550, shows the largest discharge capaci- restrains side reaction between electrode and electrolyte, main-
ties and best cycling stability among all samples, which shows tains more oxygen vacancy and protects the cathode from serious
reversible capacities of 175, 172, 137 and 120 mAh g ' at 1,2, 5 attack by HF from the electrolyte (Fig. 7c). In addition, the formed
and 10C rate after 100 cycles, respectively. The AIPO4-coating Li3PO4 phase has the characteristics of fast lithium-ion conductor,
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and then improve the transfer ability of lithium ion during cycling.

Hence,

AlPO4-coated LiqyFeq1Nig15Mngs50, shows excellent

reversible capacity and cycling stability.
A perfect coating material should have such features: (1) Serv-
ing as a protective layer between electrolyte and cathode, (2) pos-
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sessing excellent electronic/ionic conductivity inherently, (3) high
chemical stability. Hence, some Li-ion conductors, such as Li,SnO3
[91], Li»Zr0O5 [92,93] and Li,SiO3 [94], have been used as a coating
film to enhance the lithium-ion conduction at Li rich cathode/ elec-
trolyte interface, and then improve the electrochemical perfor-
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mance. Zhang et al. [93] synthesized Li,ZrOs-coated Li; ;Mng gNig2-
0O, materials by synchronous lithiation coating process and post-
coating route (Fig. 7e), which are denoted as syn-LZO@LMNO and
post-LZO@LMNO, respectively. The synchronous lithiation coating
process merely needs one-step crystallization heat treatment,
which benefits large-scale production and the formation of inte-
grated coating layer (Fig. 7e). The syn-LZO@LMNO shows more
excellent rate capability and higher discharge capacity than pris-
tine and post-LZO@LMNO (Fig. 7d). The Li,ZrOs-coating restrains
dissolution metal ions and side reaction between Li rich cathode
and electrolyte, and improves the ionic conductivity. Li,SnO3 with
3D lithium ion diffusion channel has a similar structure with mon-
oclinic Li;MnOs, which can form well-matched interface between
Li,SnO3 and Li;MnOs-based Li rich cathode. To further stabilize
the interface between Li rich cathode and electrolyte, F-doped Li,-
Sn03 was used to modify Li-rich cathode [95]. Wang et al. [95] syn-
thesized pristine Li; ;MngseNig.17C00,0702(LMNCO), F-doped
Li]AzMnoASGNio_l7C00_0701A98F()A2 (FOZ-LMNCO), Lizsn03 (05 Wt%)
coated LMNCO (LSO@LMNCO) and Li,SnO, ggFg > (0.5 wt%) coated
LMNCO (F0.2-LSO@LMNCO) by a sol-gel route. The result shows
that F-doped LSO coated Li rich cathode shows the largest dis-
charge capacity and the most excellent cycling stability, and the
capacity is 1.2, 1.4, and 1.5 times LSO@LMNCO, F0.2-LMNCO and
pristine one, respectively (Fig. 7f). In addition, F0.2-LSO@LMNCO
also shows the most excellent rate capability among all samples
(Fig. 7f). The electrochemical properties are enhanced mainly
because of the coated F-doped Li,SnOs; protective layer, which
can protect the cathode materials from attacking by HF, and
improves the structural stability (Fig. 7g).

In summary, Mn-based Li-rich cathode materials have been
regarded as hopeful cathode candidates for high-performance LIBs
because of the high capacity and high energy density. Nonetheless,
the inherent drawbacks including low initial coulombic efficiency,
serious voltage attenuation and poor cycling stability limit the
large-scale applications. To resolve these challenges, various
strategies including morphology control, doping, surface coating,
have been proposed. The hierarchical porous structure can provide
low energy barrier for lithium ion migration, and large specific sur-
face area accessible to the electrolyte, all of which promote the
electrochemical reaction in the Mn-based Li rich cathode. In addi-
tion, the highly porous shell can accelerate electrolyte diffusion
into the internal space of the material as well as offer abundant
open channels for rapid lithium ion transfer and more extra active
sites for the storage of lithium ion. The oxygen activity has been
viewed as playing a crucial role in the voltage fading and capacity
degeneration of Mn-based Li rich cathode. The doping is an effec-
tive strategy to decrease voltage decay by blocking of transition
metal ions migration and the stabilizing the transition metal and
oxygen atom layers. The doping also can reduce the cation inter-
mixing by altering the local coordination environment and oxygen
activity, and then reduce oxygen evolution and lithium loss. The
surface coating can alleviate the side reaction at electrode/elec-
trolyte interface, decrease the surface lattice oxygen evolution,
and then increase retention of oxide ion vacancy in the lattice after
the first charge. In addition, the solid electrolytes and ion conduc-
tive coating materials can improve the interfacial stability of Li-
rich materials as compared with another coating material that
owns low lithium conductivity and electrical conductivity and
can block lithium migration channels. Developing multiple strate-
gies, such as a combination of coating and doping, may be a better
choice to suppress oxygen evolution and phase transition than sin-
gle strategy.

Despite the high energy density and specific capacity of Li-rich
cathode materials, the major challenges of Mn-based Li-rich cath-
odes are low initial coulombic efficiency, severely continuous volt-
age decay and transitional metals dissolution. These intractable
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challenges may strongly limit the large-scale applications of Mn-
based Li-rich cathodes. Obviously, spinel Mn-based oxide (LiMn;,-
04) is a competitive cathode material for extensive large-scale
applications of LIBs because of its outstanding advantages of excel-
lent thermostability, guaranteed safety, low cost, environmental
friendliness, relatively good power density and acceptable energy
density. Hence, at the present stage, LiMn,04-based material has
served as a promising and inexpensive alternative cathode
materials.

4. Nanostructured spinel LiMn,0,4 cathode material

Spinel LiMn,0,4 has been widely investigated as a hopeful mate-
rial for LIBs because of its inherent advantages of large energy den-
sity, high output voltage, low cost, and excellent safety. Therefore,
spinel LiMn,04 may become attractive material of new-generation
commercial LIBs. LiMn,0y4 is a cubic spinel with Fd-3 m space group
(Fig. 1c) [11]. The oxygen atoms form a cubic packed structure and
occupy 32e sites. The Li atoms are located on the tetrahedral 8a
sites, while the Mn atoms are positioned on the octahedral 16d
sites. The tetrahedral 8a sites and the octahedral 16d sites form a
three-dimensional pathway during the Li ion extraction process.
And the empty octahedral 16c sites are conducive to lithium ions
transfer from one 8a position into another 8a position. Lithium
extraction can cause a plateau at about 4 V and lithium insertion
occurs at about 3 V (vs. Li*/Li%), which corresponds to produce Li;_-
xMnO4 and Liy.,Mn,04 respectively. In addition, the spinel struc-
ture of LiMn,0y, is relatively stable in thermodynamics compared
to layered electrode material. Nevertheless, LiMn,0,4 also has some
shortcomings. The practical application of spinel LiMn,0, is lim-
ited because of capacity fade during cycling, which can be ascribed
to two reasons. One reason is Mn dissolution by a disproportion
reaction (2Mngiiia) = MnZojia) + Mnfsoiution)), and then the spinel type
LiMn,0,4 transforms into defective spinels [26]. Another reason is the
crystallographic structure conversion from cubic to tetragonal phase
by Jahn-Teller distortion of high spin Mn®* ions [96]. Thus, a lot of
methods have been proposed to resolve these issues, such as the
preparation of nanostructured materials, or by surface coating and
cations doping to enhance the electrochemical property of materials.

Recently, different morphologies of the nanosized LiMn,04 have
been broadly studied to improve the cycle stability and rate capa-
bilities. The nanostructure can drastically reduce ionic diffusion
distances for Li* insertion/extraction, promote electronic transport
and can also improve the contact area between the electrode and
the electrolyte [97]. Thus, the nanostructured LiMn,04 materials
with different morphologies, such as nanoparticles [98], nanofibers
[99], nanosheets [100], hollow microspheres [101], nanorods [102],
nanowires [103], nanotubes [104], porous LiMn,0,4 nanorods [105],
hollow cubes [106], porous morphology [107], hollow nanofibers
[108], mesoporous morphology [109], and microsphere with yolk
structure [110], show excellent electrochemical performance. The
synthesis process and electrochemical property of different mor-
phologies are summarized in Table 2. For example, Lee [103]
et al. synthesized well-dispersed ultrathin LiMn,04 nanowire by
solid-state lithiation of a-MnO, nanowire (Fig. 8a), which showed
ultrahigh discharge capacity and high cycle performance at high
current density (Fig. 8b). The LiMn,0,4 cathode indicates a mean
capacity of 105, 100 and 78 mAh g~ ! at 10, 60 and 150C discharge
rates when the charge rate is 1 C, respectively. The 1D nanostruc-
tures give rise to Li* intercalation kinetics and high structure sta-
bility for the LiMn,O4 Cheng et al. [105] prepared porous
LiMn,0,4 nanorods by using porous Mn,03; nanorods as the self-
supported template. As shown in Fig. 8(c), the as-synthesized por-
ous LiMn,04 nanorods display excellent rate performance and cyc-
lic stability. The initial specific capacity reaches 105 mAh g~! at
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Table 2
Synthetic method and electrochemical performance of nanostructured LiMn,0,4 cathode materials.
Morphology Synthesis method Discharge capacity (mAh Capacity retention Rate capability (mAh Ref.
) g ")
Porous structure Template method 118 at 0.1A g ! 93% after 10,000 cycles at 9C 108 at 5000 mA g ! [107]
nanorods Solid-state reaction 105 at 10C 90% after 500 cycles at 10C 105 at 10C [105]
nanotubes Solid-state reaction 115 at 0.1C 70% after 1500 cycles at 5C ~ 80 at 10C [104]
Ultrathin nanowires Solvothermal reaction 125 at 0.1C Around 105 mAh/g after 100 cycles at 10C 100 at 60C [103]
Porous hollow Electrospinning 120at 15 mA g! 87% after 1250 cycles at 1C 56 at 16C [108]
nanofibers technique
Ordered mesoporous Solid state reaction ~100 at 0.1C 94% after 500 cycles at 1C ~80 at 5C [109]
Yolk-structured spheres ~ Solid-state reaction 128.9 at 0.2C 86.6% after 300 cycles at the rate of 1C at 89.7 at 10C [110]
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Fig. 8. (a) SEM image (Inset is HRTEM image) and cycling stability of ultrathin LiMn,0, nanowire [103]; (c) schematic diagram of the formation for porous LiMn,0, nanorods,
(d) rate capability of LiMn,0,4 with different morphologies [105]; (e, f) SEM, (g, h) TEM images and (i) cycling stability of hollow LiMn,0,4 cube [106]. Reproduced from Refs.
[103,106] with permission from the American Chemical Society. Reproduced from Ref. [105] with permission from The Royal Society of Chemistry.

10C rate, and the capacity retention reaches 90% after 500 cycles at
this high rate. In addition, the porous LiMn,0,4 nanorods show high

capacities of 119, 109, and 90 mAh g~! after 500 cycles at 2, 4, and
10C, respectively (Fig. 8d). This outstanding electrochemical prop-
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erty can be ascribed to the special porous 1D nanorods, which
offers interconnected pores for electrolyte infiltration and trans-
portation. Wu et al. [106] prepared hollow LiMn,04 cube with
exposed {111} plane by a simple coprecipitation method with a
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uniform particle size of about 0.5 um (Fig. 8e, f) and porous cube
structure (Fig. 8g), which was consisted of nanoparticles with a
size of ~50 nm (Fig. 8h). It shows ultrahigh discharge capacity with
an initial capacity of 119 (1 C charge rate) and 96.5 mAh g~ (5 C
charge rate) at 50 C discharge rate, respectively, and good cycle
performance with a high capacity retention rate of over 70%
(Fig. 8i).

In general, the porous structure could provide direct and rapid
ion transport pathways, promote the insertion/extraction of Li,
improve the utilization efficiency of the material, and decrease
the polarization. The porous structure can accelerate the perme-
ation of electrolyte and offers internal void space to effectually
accommodate the volumetric change during cycling.

Surface coating is also an efficient way to restrain dissolution
manganese ions by protecting LiMn,0,4 particles from the attack
of HF, and enhance the electrochemical property of LiMn,04 by
coating various conductive carbon materials (amorphous carbon
[111], graphene [112], graphite [113]), conducting polymer
[114,115], oxides (MgO [116], Al,O05 [117,118], SiO, [119], ZrO,
[120], TiO, [121], CeO, [122]), phosphates (FePO4 [123], AlPO4
[124]), fluorides (MgF, [125], FeFs [126], LaF; [127]), solid-state
electrolyte [128] and MXene [129]. For example, Lai et al. [118]
synthesized Al,0s-coated LiMn,0,4 by using stripping and in situ
self-assembly of y-AIOOH. As shown in Fig. 9(a), the AIOOH dis-
solved in the water becomes a gel form, and coat on the surface
of LiMn,04 particles due to the absorption function. After a calcina-
tion, 3D hierarchical Al,05; nanoplate can be coated on the surface
of LiMn,04 particles by a in situ self-assembly technology. The
cycling stability of the coated LiMn,04 at 55 °C is given Fig. 9(b),
and an obvious capacity fading of all samples can be found at ele-
vated temperature. The pristine LiMn,04 only shows a reversible
capacity of 70 mAh g~! at 1C after 300 cycles, but Al,05 (1 wt%)-
coated LiMn,0,4 shows a reversible capacity of 105 mAh g~! with
a high capacity retention of 93.6% after 500 cycles. The 3D Al,03
layer suppresses the formation of SEI film and the dissolution of
Mn at elevated temperature. Zhang et al. [128] used solid-state
electrolyte coat Li;ogMn;g9,0,4 and prepared XLiNbO3—(1-x/2)
Li; osMn; 9,04 cathodes by a solid-state reaction. The thickness of
LiNbO5 is about 5-8 nm (Fig. 9c). The uncoated Li;ggMn; 9,04
shows a reversible capacity of 103 mAh g~! with a capacity reten-
tion of 76.3%, but 0.06LiNbO5-0.97Li; gsMn; 9,04 shows a reversi-
ble capacity of 111 mAh g~! with a capacity retention of 85.7% at
0.5C after 100 cycles (Fig. 9d). The dissolution of Mn can be effec-
tively restrained by the coated LiNbOs film, which retains an excel-
lent ionic conductivity between Li; gsMn; 9,04 and electrolyte. The
TizC,Tx (MXene) can be also used as coating layer to enhance the
electrochemical property of electrode materials for Li-ion batteries
because it possesses high electronic conductivity (3500-5700 S
cm™ 1), low lithium-ion diffusion barrier (0.07 eV) and outstanding
mechanical property [130,131]. Wei et al. [ 129] prepared crumpled
Ti3C,Tx nanosheet encapsulated LiMn,04 (LMOCT) and LiMn,04/
TizC,Ty (LMOT) by an electrostatic self-assembly route (Fig. 9e).
LMOCT shows more excellent rate capability and cycling stability
than LMOT and LMO (Fig. 9f, g) at elevated temperature, and the
capacity losses of LMOCT, LMOT and LMO are 18.4%, 18.7% and
36.7% at 2C rate after 200 cycles, respectively.

In general, the ideal coating material for LiMn,04 need have the
following characteristics: (1) The coating material should have
remarkable electronic/ionic conductivity; (2) the preparation pro-
cess of coated LiMn,0,4 should be easy and cheap; (3) the coating
material should have high chemical stability in HF, and also can
protect LiMn,04 powder from the attack of HF; (4) the coating
material should have excellent mechanical property to prevent
the appearance of cracks during cycling.

LiMn,0,4 belongs to Fd-3 m space group, and manganese ions
(3d>, 3d*) occupy 16d site of octahedron, which is easily replaced
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by lithium ions (2 s°) to form lithium manganese oxides with
non-stoichiometric ratio, without causing structural changes.
Therefore, the substitution of a small amount manganese ions by
other metal ions does not cause structure change of LiMn,O,.
Hence, the substitution of manganese ions by other metal ions
can fully inhibit the occurrence of Jahn-Teller effect, and effectively
improve the cycle life and restrain the capacity fading. The doping
of LiMn,0,4 materials are mainly divided into four types:

(1) It only increases the average valence state of Mn, and inhi-
bits the Jahn-Teller effect. The mainly doped metal ions
include Mg?" [132-134], Zn** [135,136], AI** [137-139],
Sc3* [140], Ga3* [141,142], Cu* [143]. A small amount of
doping of these ions can enhance the cycling property and
high temperature performance of LIBs. For example, Myung
et al. [139] found that Al doping can suppress the volume
change of LiMn,04 because Al-O bonding is much stronger
than that of Mn-0. The LiAly3Mn; 704 shows a lower dis-
charge capacity than pristine one, but the former shows
higher cycling stability than pristine one at elevated
temperature.

(2) It not only increases the average valence state of Mn but also
enhances the stability of spinel structure. These ions mainly
include Cr3* [144-146], Co®* [147-149] and Ni®* [150-152].
The radius of these ions is not different from that of Mn ion,
and their M-O bond energy is generally larger than that of
Mn-0 bond energy, which strengthens the crystal structure
and inhibits the expansion and contraction of crystal cells.
Therefore, the spinel structure is basically unchanged even
the doping amount is large. For example, Wei et al. [152]
synthesized LiMn, g;Nig 1304 by a co-precipitation process.
The pristine LiMn,0,4 indicates an initial specific capacity
of 119.7 mAh g~ !, and the capacity loss reaches 42.2% at
0.5C at 55 °C after 200 cycles. LiMn; g7Nig 1304 shows a low
initial specific capacity of 108.2 mAh g~ !, but the capacity
loss is only 9.8%.

(3) Using rare earth (RE) elements to dope LiMn,0,4 at Mn site or
Na doping at Li site because the big ionic radius can broaden
the lithium ion migration channel, such as La** [153-155],
Ce* [153,156,157], Y3>* [158,159], Pr** [155], Nd**
[153,160], Tb®>* [161], Sm®" [162], Er** [162]. Moreover,
RE-0 has higher bonding energy than that of Mn-0 at octa-
hedral sites, and then RE ion doping often can enhance the
structure stability of LiMn,0,4. For example, Lee et al. [161]
synthesized LiTb,Mn,_,04 (x = 0, 0.01, 0.02, 0.04) by a simple
sol-gel method. The pristine LiMn,0,4 and LiTbg g;Mn 9904
show similar initial discharge capacity at 1C rate at 60 °C,
but LiTbgo;Mny 9904 shows a high capacity retention with
82% than that of LiMn,04 with 62% after 50 cycles.

(4) Using halide ion to dope LiMn,0,4 at O site because the Mn-X
(X = halide ion) bond energy is generally larger than that of
Mn-0 bond energy, such as F~ [163-165], CI~ [166] and Br~
[167]. For example, Choi et al. [164] found that LiMn; gLig 1-
Nip 103 8Fp> showed excellent cycling stability at elevated
temperatures, and the reason could be ascribed to the rela-
tively high initial Mn valence (>3.6+) and maintenance of
excellent crystallinity in the process of insertion/extraction
of lithium ions. Then, they found that LiMn; gLig Nig.103 -
Fo2/C full batteries exhibited higher cycling performance
than LiMn,0,/C full batteries at 0.2C rate at 60 °C [165].

5. Nanostructured spinel LiNig sMn, 504 cathode material
As mentioned above, the capacity deterioration of LiMn,0y, is

highly associated with Mn dissolution caused by Jahn-Teller distor-
tion, which can be suppressed by appropriate cation substitution.
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Mn ions at the 16d sites can be replaced by Ni ions. The Ni ions
other than Mn in such a spinel-framework structure are exposed
to an entirely different environment compared with the self-
assembled lithiated metal oxide of their own kind [8]. LiNig sMn 5-
04 is a cathode material which is doped by nickel in LiMn,0,4. The
oxidation-reduction process of LiNigsMn;s04 only occurs on the
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Ni site, and then restrains the generation of Mn>* ions and its
related Jahn-Teller effect. Compared to LiMn,0,4, LiNigsMn; 504
possesses a higher potential plateau (~4.7 V) and better cycling
behavior. Because of its high voltage, LiNipsMn; 50, possesses a
higher energy density (650 Wh kg~!) than LiMn,0, (400 Wh
kg~ 1) [168]. LiNigsMn; 504 has two kinds of structures, which is
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ordered structure and disordered structure, respectively. One is the
ordered spinel LiNigsMn; 504, which belongs to the face-centered
spinel (Fd-3 m). The other is a simple cube (P4532). The charge
curve of Fd-3 m type LiNipsMn; 504 presents two voltage platform
at 4.7 V and 4.0 V because of trace Mn>*. The plateau at 4.7 V is
because of the redox reaction of the Ni* to Ni** and Ni>* to Ni**
while the plateau at ~4 V is because of the redox reaction of the
Mn>* to Mn**. The theoretical capacity of LiNigsMn; 50, can be cal-
culated to be 147 mAh g~ ! when all Li-ions are extracted from
LiNigsMn; 504. Therefore, LiNigsMn; 50, was regarded as one of
the most promising cathode materials for LIBs [169-171].
Nonetheless, a major challenge of LiNigsMn;s04 is the possible
corrosion reaction at the cathode/electrolyte interface at the high
charge voltage, which results in a poor rate capability, especially
at elevated temperatures. LiNigsMn; 504 can loss oxygen and gen-
erate a spinel and rock salt phase (Ni,O or Li,Ni;_O or Li,Ni,Mn,0)
when it is heated above 650 °C [15,171]. The high calcination tem-
perature can result in a reduction of the manganese oxidation state
from +4 to +3. LiNigsMn;s0, with Fd-3 m space group can be
obtained by calcination above 700 °C followed by a cooling process
to room temperature. LiNigsMn;s04 with P4332 phase can be
gained by using synthesis processes under oxygen or post-
annealing in air below 700 °C [12,171]. In the Fd-3 m phase, Li
atoms occupy the 8a site, Ni and Mn atoms discretionarily occupy
the position of 16d site, O atoms occupy the 32e site in the spinel
structure (Fig. 1e). For the P4532 space group, Li atoms occupy the
8c position, Ni atoms occupy the 4a site, Mn atoms occupy the 12d
site, O atoms occupy 8c and 24e sites, respectively (Fig. 1f) [12]. A
main difference between these two crystal structures is that little
Mn>3* ions exist in disordered LiNipsMn; s04 with a space groups
of Fd-3 m but only Mn** ions present in the ordered LiNigsMn; 5-
04 with a space group of P4532. Due to the existence of Mn>*,
LiNigsMn, 504 with disordered Fd-3 m has a higher lithium-ion dif-
fusion coefficient and higher electrical conductivity afforded by
charge transfer between Ni and Mn [169].

The XRD patterns can be used to distinguish crystal structure of
LiNigsMn; 504 with P4332 and Fd-3 m space groups. As given in
Fig. 10(a), the weak diffraction peaks at angle 20 = 15°, 24°, 35°,
40°, 46°, 47°, 57° and 75° can be ascribed to LiNigsMn; 504 with
P4332 space groups, and weak diffraction peaks at 20 = 37°, 43°,
and 64° can be ascribed to LiNigsMn;s04 with Fd-3 m phase
[170]. In addition, few rock salt phases of LiyNi;_,O can be detected
in LiNigsMn; 504 with Fd-3 m phase. In addition, form the SEAD
(selected electron diffraction) patterns (Fig. 10d), it can be found
that a typical spinel type diffraction pattern exists in disordered
LiNigsMn; 504, but additional superlattice diffraction spots can be
observed in ordered LiNigsMn; 504 [12]. Nonetheless, XRD pattern
is difficult to distinguish the structure difference between P4532
and Fd-3 m space groups because of the similar scattering factor
of nickel and manganese. Raman or FT-IR spectroscopy was proved
to be an effective way to resolve the cation ordering qualitatively.
Compared with LiMn,04, the existence of Ni(Il) cation induces an
increase of the number of vibration bands in the Raman spectra
and FT-IR spectroscopy [171]. From Fig. 10b, more Raman peaks
in the P4332 structure than that of Fd-3 m one can be observed.
By contrast, the FTIR spectroscopy are much less easy to distin-
guish the P4;32 and Fd-3 m structures (Fig. 10c). Two more intense
peaks at about 589 and 555 cm™! in P4532 structure can be found,
and three peaks at ~646, ~464 and ~430 cm ™! are missing in Fd-
3 m phase. In addition, the common peak at ~624 cm™! in Fd-
3 m structure are stronger than at about 589 cm™!, which is con-
trary to the P4332 one.

The failure mechanism of LiNigsMn; 504-based batteries with
LiPFg-based carbonate electrolytes can be ascribed to the synergis-
tic effect of the following possible reasons. The trace H,O in the
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electrolyte can result in a generation of HF, and corresponding
decomposition reactions can be summarized as follows [172-174].

LiFs + H,0 — LiF + 2HF + POF; (5)

POF; + H,0 — PO,F, + HF (6)

PO,F, + H,0 — POsF*~ + HF (7)

POsF*~ + H,0 — PO;™ + HF (8)

A chemical reaction between HF and LiNigs5Mn;504 can be
found,

16HF + 8LiNip5Mn; 504 — 12Nig5sMng 750, + NiF, + 3MnF, + 8LiF
+8H,0
C))

In addition, the self-discharge of the battery also leads to elec-
trolyte decomposition and formation of HF, which promote the dis-
solution of LiNigsMn;s04. Hence, a variety of reaction products
including MnF,, LiF, NiF,, and polymerized organic species, are
observed on the LiNigsMn; 504 surface, which reduce the cycling
stability and reversible capacity (Fig. 10e) [175].

Usually, the cycle stability and rate performance of LiNigp sMn s-
0,4 can be enhanced by designing novel nanostructures, which can
shorten diffusion path of lithium ions and improve the contact area
between electrolyte and active materials. In the past few years,
various LiNigsMn; 504 nanostructures have been constructed,
including one-dimensional (1D), two-dimensional (2D), and
three-dimensional (3D) structures. Arun et al. [176] prepared
LiNigsMn; 50,4 fibers consisted of nanoparticles with a diameter
of ~10 nm by an electrospinning technique (Inset of Fig. 11a).
The LiNipsMn; 504 shows an initial specific capacity of about 118
mAh g~! with a high retention rate of about 93% at 150 mA g~!
after 50 cycles (Fig. 11a). Liu et al. [177] synthesized LiNipsMn 5-
04 hierarchical nanofibers with a diameter of 0.2-0.5 pum by an
electrospinning technique, which showed a good rate performance
with reversible capacities of 155, 100,90 and 80 mAh g~ 'at 2,5, 10
and 15C, respectively. Cho et al. [178] synthesized uniform LiNig s-
Mn; 504 nanowires through a sol-gel based template method
(Fig. 11b). The average diameter of each nanowire is about
140 nm with a length of about 13 pm (Fig. 11c), which is composed
of nanoparticles with a mean size of 47 nm (Fig. 11d). The LiNig s-
Mn; 504 nanowire delivers a high reversible capacity of 146 mAh
g~ L. Chen et al. [179] prepared and porous LiNig sMn; 504 nanorods
with a diameter of 100-400 nm by a template method (Fig. 11f),
which consisted of porous nanostructure (Fig. 11g). LiNigsMn; 504
porous nanorod shows a super cycling stability at 5 C rate, which
shows a discharge capacity of 123 mAh g~! during initial 300
cycles with a capacity retention of ~99%. The capacity retention
also maintains 91% even after 500 cycles (Fig. 11e). The good elec-
trochemical properties of 1D structure can be ascribed to the large
surface-to-weight ratios, enhanced contact area between active
materials and electrolyte, fast electrolyte infiltration, shortened
transmission path along the confined radial dimension, and then
can lead to fast Li ion-diffusion and low volume change during
cycling. Especially, the porous 1D framework can not only allow
for effective contact between LiNipsMn; 504 and electrolyte but
also accommodate preferably the strains related to the structure
change upon repeated insertion/extraction of Li ions.

Sun et al. [180] prepared porous 3D urchin-like hollow LiNig5-
Mn; 50,4 spheres composed of nanosheets with high inner void nat-
ure and highly exposed {111} facets by template method (Fig. 11h).
The as-prepared LiNigsMn;s04 shows super cycle performance
with an excellent capacity retention rate of about 92% even at
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30C after 1500 cycles (Fig. 11i). The void can effectively relieve the
volume change in the process of insertion/extraction of Li ions
(Fig. 11h). Lin et al. [181] used cubic Mn,03 as templates to synthe-
size cubic LiNigsMn; 504. With increasing of calcination tempera-
tures, the particle sizes of LiNigsMn; 50,4 increase gradually. An
octahedral morphology consisted of smaller primary particles can
be found at a calcination temperature of 800 °C (Fig. 11j), which
possesses the predominant (111) crystal facets. The as-
synthesized octahedral LiNigsMn; 504 shows a high cycle perfor-
mance with a capacity retention of about 78% at 10C after 3,000

cycles. The exposed {111} facets promote the diffusion of Li ion,
and effectively restrain the dissolution of LiNigsMn; 50,4 at high
working voltage. The big secondary spherical hierarchical particle
consists of smaller nano-scale or submicron primary particle. The
coarse surface and the hollow structure promote the permeation
of electrolyte into the electrode and thus enhance the electrochem-
ical properties of LiNigsMn; 504. In general, the unique morphol-
ogy can be regarded as one of promising strategy to enhance
electrochemical property of LiNigsMn;s04, such as reversible
capacity, rate performance and cycle stability.
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Reproduced from Refs. [178,179] with permission from the American Chemical Society. Reproduced from Ref. [180] with permission from Elsevier.

The doping was regarded as an effective strategy to enhance the
electrical conductivity and lithium-ion diffusion coefficient of
LiNigsMn; 504. The common dopants in Li* sites include Na*
[182]; many dopants have been investigated in Ni%* sites, including
Zn?* [183], Mg?* [184], Cu?®* [185], Co>* [186], A** [187], Cr*
[188,189], Fe* [190], Ga** [191], Si** [192], Ru*" [193], Ti**
[194], Zr** [195], Nb>* [196], W®* [197], Mo®* [198]; the dopants
in O sites include F~ [199]. Although the dopants listed above all
show enhanced electrochemical properties in the LiNigsMn; 504,
various dopants have different preferred doping positions and
varying effects on the phase structure. The Na-doping in Li site
often can reduce the conduction band, and then can effectively
improve the electronic conductivity [200,201]. The Mg-doping
can reduce polarization and enhance the electronic conductivity
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[202]. The Cu-doping can enhance electronic conductivity of mate-
rial because of the special outer electronic arrangement of Cu(Il)
ion. The Zn and Al are more abundant and cheaper than most tran-
sition metals [203], and then Zn or Al doped LiNigsMn; 504 can be
expected to be hopeful cathode material with low cost. The Ga, Co
or Fe doping can enhance the electronic conductivity and structure
stability [204]. The Cr doping can improve the voltage plateau and
cycle performance of LiNigsMn; 504 because of the high oxygen
affinity of Cr3* ions. Especially, the LiMn; 4Cro>Nig404 has been
has been considered as one of promising compositions due to its
high potential plateau of 4.8 V and excellent cycling stability
[205]. The Si doping can stabilize the disordered Fd-3 m structure,
and then enhance the cycle performance and rate capability of
LiNipsMn; 504. The Si doping can enhance the structure stability
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of LiNigsMn; 504 because Ti-O chemical bond is stronger than Ni-
0, resulting in excellent electrochemical property of Ti**-doped
LiNig5sMn; 504. The Ru doping can provide a new hopping pathway
of Ni-O-Ru-0, and then promote electron transfer because of the
high delocalized Ru**ions. The Nb>* and Mo®* doping can increase
the content of active Ni%* ion, and then improve reversible capacity
of LiNigsMn;s04. For example, Yi et al. constructed Ni-rich
LiNig 525Mn; 425Nbg 0504 [196] and LiMny 425Nig 55M00,0504 [198]
for the first time, which showed higher voltage platform, reversible
capacity and cycling stability than those of pristine LiNigsMn; 504,
resulting improving energy density. These works offer new ideas
for the modulation of the component and performance of LiNig s-
Mn, 504 materials and points out a research direction for the ongo-
ing design and development of LiNig sMn; 50,. In addition, the Nb>*
or Mo®" doping also can improve the electronic conductivity and
diffusion ability of Li ion [206-208]. The W doping can increase
the length of Li-O band and reduce the distance of Ni-O and
Mn-0, and then improve the diffusion ability of Li ion. The F dop-
ing can decrease Ni and Mn dissolution from HF attack, and then
improve the electrochemical performance and structure stability
of LiNi0_5Mn1,504.

Usually, the high working voltage of LiNigsMn; 504 exceeds the
electrochemical stability window for most organic liquid elec-
trolytes, and then leads to serious capacity fading. A possible more
effective strategy to lower or eliminate the irreversible capacity
and improve cycling stability is surface coating. The surface coating
can effectively avoid a direct contact between LiNigsMn; 504 and
electrolyte by building a protective film on the surface of LiNigs-
Mn, 50,4 particle, then restrain dissolution of metal ions and the
side reactions at LiNigsMn;s04/electrolyte interface. Up to now,
various coating materials such as carbon materials [209,210], con-
ducting polymers [211,212], metal oxides [213-220], metal fluo-
rides [221-223], phosphates [224-227], phosphide [228],
lithium-ion conductor [229-234] and electrode materials
[235,236]. Table 3 summarized the synthesis method and electro-
chemical property of the coated LiNigpsMn; 504.

As a carbon-based 2D material, graphene with unique electronic
property, high electronic conductivity, and large surface area has
been considered as one of promising coating materials. As shown
in Fig. 12(a), the coated graphene layer can promote the inser-
tion/extraction of Li ions, restrains the attack of HF and dissolution
of metal ions, and then ensure the structure stability of LiNigs-
Mn, 504 during cycling [209]. Hence, the as-prepared cathode
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shows super cycling stability with a high discharge capacity of
91 mAh g~! and excellent capacity retention of about 83% at 20C
rate after 1000 cycles.

The conducting polymers possess many merits, such as excel-
lent electronic conductivity, high chemical stability, easy synthesis,
and low price. Hence, the conducting polymers have been regarded
as hopeful coating materials, which can preserve the morphology
of the parent material, play a role as a protective film against side
reactions and HF attack, as well as to enhance electronic conductiv-
ity. Kwon et al. [211] reported a synthesis of poly(3,4-ethylenediox
ythiophene) (PEDOT) coated LiNigsMn; 504 used cetyl trimethyl
ammonium bromide (CTAB) as surfactant (Fig. 12b). The PEDOT-
coated LiNigsMn; 504 shows good cycle performance at elevated
temperatures because the PEDOT layer can effectively suppress
the side reaction between the LiNigsMn; 504 and the electrolyte.

The oxide coatings are simple, cheap and have exhibited
promising results in enhancing the electrochemical properties of
LiNigsMn; 50,4 operating under various conditions. Take SiO, coat-
ing for example [213]. The SiO, coating can suppress the HF attack
and the harmful side reactions between LiNig sMn, 504 surface and
electrolyte, resulting in enhanced structure stability and cycling
stability (Fig. 12c). In addition, a uniform SEI film on the surface
of the SiO,-coated LiNipsMn, 504 particles, which can decrease
the dissolution of metal ions, and then enhance the structure sta-
bility and electrochemical performances (Fig. 12e). The SiO,(1 wt
%)-coated LiNigsMn; 50,4 indicates a high reversible capacity of
about 102 mAh g~! and high retention rate of about 84.4% at 40C
rate after 100 cycles even at 55 °C (Fig. 12d). Moreover, the formed
phase interfaces between oxides and LiNigsMn; 50,4 can offer more
sites to store electrolyte and run the redox reaction (Fig. 12f) [214].
In addition, the phase interfaces can promote the reversible inser-
tion/extraction of lithium ions, and decrease the electrochemical
polarization, then enhance the cycle performance. For example,
the CeO, (3 wt%) coated LiNigsMn; 504 indicates a high capacity
of about 119 mAh g~ ! with a high capacity retention of 98.3% at
1C rate after 106 cycles [214].

Compared to the metal oxides, the corresponding metal fluo-
rides shows smaller Gibbs free energies, revealing more excellent
stability. Hence, the metal fluorides are also applied to protect
LiNipsMn; 50, materials from HF attack because of their high
chemical stability in the HF environment and good thermal stabil-
ity. For example, Chu et al. [221] found that the 1 wt% AlF; coated
LiNigpsMn; 504 indicated good cycle stability, especially at elevated

Table 3
Synthesis method and electrochemical performance of the coated LiNipsMn; 504.
Coating materials Synthesis route Optimal sample Specific capacity (mAh g~') and capacity retention Ref.
(cycle number and rate)

Carbon Sol-gel C-coated (10 nm)- LiNigsMn; 504 125, 94% (100, 1C) [210]
polypyrrole (PPy) Co-precipitation 5 wt% PPy coated- LiNipsMn; 504 105.2, 91%(100, 1C, 55 °C) [212]
Al,03 Solid-state 0.5 wt% Al,03-coated LiNigsMn; 504 115, 90.9%(200, 1C, 55 °C) [215]
Co304 Solid-state 0.8 wt% Co304-coated LiNigsMn; 504 120, 95.8%(300, 10C) [216]
TiO, Solid-state 0.9 mol% SiO,-coated LiNigsMn; 504 108, 88.5%(500, 2C) [217]
Sn0, Sol-gel 2 wt% Sn0,-coated LiNigsMn; 504 103, 75%(500, 2C) [218]
V,05 Co-precipitation 5 wt% V,0s5-coated LiNigsMn; 504 83.3, 85.3%(100, 2C) [219]
LaFeOs Sol-gel 2 wt% LaFeOs-coated LiNigsMn; 504 ~130, 93.3%(100, 1C, 55 °C) [220]
AlF3 Sol-gel 1 wt% AlF; coated - LiNipsMn; 504 121.4, 98.1%(100, 0.2C) [221]
YF3 Wet chemical strategy 2.8 wt% YF3-coated - LiNigsMn; 504 108, 84% (100, 0.1C) [222]
ZrFy Sol-gel 2 wt% ZrF4 coated - LiNigsMn; 504 117.1, 95.5%(120, 0.1C) [223]
YPO, Sol-gel 3 wt% YPO,4 coated LiNipsMn; 504 ~106, 77.5%(240, 0.1C) [226]
ZrP Sol-gel 2 wt% ZrP coated - LiNigsMn; 504 ~120, 94.6% (200, 1C, 55 °C) [228]
LiNbO3 Solid-state 1 wt% Li;NbO3 coated LiNigsMn; 504 ~110, 86.8%(150, 1C, 55 °C) [229]
Li»SiOs Sol-gel 0.9LiNip sMn; 504-0.1Li»SiO3 ~100, 85.3%(100, 1C) [232]
Li,Sn0O3 Sol-gel 1 wt% Li,SnO3 coated LiNigsMn; 504 ~110, 86.8%(150, 1C, 55 °C) [233]
Li,TiO5 Sol-gel 5% Li,TiO3 coated - LiNigsMnj 504 120, 94.1%(50, 1C, 55 °C) [234]
LigTisOqo solvothermal method 5 wt% LisTisOq, coated LiNigsMn; 504 112.8, 93.6% (100, 0.5C) [236]
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permission from Elsevier. Reproduced from Refs. [211,213,225] with permission from the American Chemical Society.

temperature. The coated AlF; layer can effectively suppress elec-
trolyte decomposition, dissolution of Ni or Mn ions.

Phosphates have been promising coating materials for LiNigs-
Mn, 504 because the strong P=0 bonds can endow excellent chem-
ical resistance to the coated LiNigsMn;s04 against acidic
electrolytes [224]. The strong covalence of the PO, group can
improve the thermal stability of the coated LiNigsMn;s0,4
[224,225]. Wu et al. [225] synthesized LisPO4-coated LiNigsMny 5-
04 by a hydrothermal process. The LisPO,4 coating mechanism on
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LiNig sMn; 504 surface by diffusion of bridging ions into the surface
is shown in Fig. 12(g). The bridging ions, such as Fe and Co, can
migrate into the 16¢ positions of the LiNigsMn; 504 surface to form
a bridge layer that connects the LiNigsMn; 504 and LisPO,4 layers,
leading to the dense and uniform coating of LiNigsMn; 504 with
LizPO4 particles. The LisPO4-coated LiNigsMn; 504 indicates a high
capacity retention of about 87% and high mean coulombic effi-
ciency of about 98%, but they are ~60% and ~96% for the pristine
LiNigsMn; 50,4 after 100 cycles at 55 °C. Xu et al. [226] prepared
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LiNipsMn; 504 via a sol-gel route, and then synthesized YPO,-
coated LiNigsMn; 504 through a facile wet chemical method. An
ion exchange between PO3~ and F~ can be found, and YF; Lewis
acid can be generated on LiNigsMn; 504 surface (Fig. 13a). The
formed YFs; layer can accelerate surface ion transportation and
then enhance the electrochemical properties. The YPO4 (3 wt%)-
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coated LiNipsMn; 504 indicates a high reversible capacity of 94
mAh g~! and good cycle performance with a capacity retention
of 77.5% at 0.1C after 240 cycles, which are obviously higher than
pristine LiNigsMn; 504 (Fig. 13b).

Nonetheless, it has been reported that the phosphates tend to
be discontinuously deposited on the surface of LiNigsMn; 504 par-
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ticles, resulting in uneven coating layer. Hu et al. [228] designed a
novel way to synthesize layered o-ZrP-coated LiNigsMn; 504. The
LiNigsMn; 504 was prepared by a sol-gel process, and 10 g of
ZrOCl,-8H,0 was refluxed with 100 ml of 3 mol L~! H3PO, at
100 °C for 24 h to prepare ZrP (noted as ZrP-3 M). Then, the mix-
ture of ZrP and LiNigsMn, 504 reacted in sealed teflon-lined pres-
sure vessel at 160 °C for 15 h, and then ZrP nanosheets deposited
on the surface of LiNigsMn; 504 particles (Inset of Fig. 13g). 2 wt
% ZrP-3 M—coated LiNipsMn; 504 is named as LMNO@ZrP-3 M-2.
The LMNO@ZrP-3 M-2 shows a high reversible capacity of ~120
mAh g~! and good cycle performance with a capacity retention
of ~95% at 1C at 55 °C after 200 cycles, which are obviously higher
than pristine LiNigsMn; 504 (Fig. 13g).

The traditional inorganic coating materials often show low
lithium-ion conductivity and electronic conductivity, which lead
to a possible increase of the charge transfer resistance cycled at
high current densities. To conquer these problems, some Li-ion
conductors have recently been used as coating materials to
improve the electrochemical performance of LiNigsMn;s04. For
instance, Kim et al. [229] developed a new way to synthesize
LiNbOs coated LiNigsMn; 504, which indicated excellent electro-
chemical property. As shown in Fig. 13(c), the Mn>**-dominant
region near the LiNigsMn; 504 surface can offer extra electron hop-
ping paths, and then leads to a rapid charge transfer in LiNigs-
Mn, 504. As an ion conductor, the coated LiNbO; film promotes
the Li ion migration, restrain the side reaction at the cathode/elec-
trolyte interface during the charge process. LiNbOs (1 wt%) coated
LiNigsMn, 504 indicates high reversible capacity of about 120 mAh
g~ at 0.5C even at 60 °C after 100 cycles, whereas the capacity of
pristine one is close to zero. Zhu et al. [230] designed a novel
LiNigsMn; 504@Lig 33Lag 56TiO3 composites synthesized by a sol-
gel process, and the LiNig sMn; s04@Lig 33La0 56Ti03 (3 wt%) showed
a high discharge capacity and a good rate performance. As shown
in Fig. 13(d), the lithium ion in Lig33LagsgTiO3 can move quickly
because of the relatively low Li contents at the local environment.
The high ionic conductivity of Lip33Lags¢TiO3 can reduce the inter-
facial charge transfer impedances, resulting in the improvement of
the diffusion rate of lithium ions in the composites. Hence, the
overall impedance decreases and the electrochemical performance
is improved. Yang et al. [231] synthesized Cr-doped LiNigsMn; 504
(LiCrg.1Nig45Mny 4504) by a combustion method, and then prepared
Lip1Bo.967P04 (LBPO)-coated LiCrg1Nig45Mnq 4504 used benzoyl
peroxide as oxidizer (Fig. 13e). The (LBPO)-coated LiCrq1Nig4s-
Mn, 4504 shows a discharge capacity of about 125 mAh g*l and a
high capacity retention of about 91% at 1C rate after 400 cycles,
which are higher than those of LiNigsMn; 504 (101 mAh g~! and
74.5%).

The motive for coating LiNigsMn;s04 by another electrode
material is to obtain a more balanced electrochemical property
compared to what is possible with any single material. For exam-
ple, LiCoPO, coating can improve the energy density of LiNigs-
Mn; 504 due to its high potential plateau (about 4.8 V) and high
theoretical capacity of 167 mA h g '. Liu et al. [234] prepared
LiCoPO, coated LiNigsMn, 504 with a particle size of 1-2 pm by a
hydrothermal process (Fig. 13f). LiCoPO4 (5 wt%) coated LiNigs-
Mn, 504 exhibits the most excellent electrochemical property with
a discharge capacity of 132 mAh g~! at 0.5C after 100 cycles and
130 mAh g~' 20C.

In general, the dissolution of transition metal ions makes the
serious capacity fading of spinel Mn-based cathode materials,
especially at evaluated temperature. The delicate morphology
can enhance the cycling stability, especially nanostructured spi-
nels, which can shorten diffusion pathway of ions and electrons
and alleviate the volume change during cycling. In addition, differ-
ent surface inclinations can result in different stability and Mn dis-
solution rates at surfaces, which provides a practical way to
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control the morphology and crystal orientation of the spinels. Dop-
ing is one of the most common ways to enhance the cycle stability
of spinel Mn-based cathode materials. Given the disproportiona-
tion mechanism of Mn3* in LiMn,0,, an effective strategy is to
increases the average valence state of Mn via lower-valence (less
than or equal to +3) cation doping, and inhibits the Jahn-Teller
effect. Using rare earth elements to dope LiMn,04 at Mn site or
Na doping at Li site can also improve the cycling stability of LiMn;,-
04 because the big ionic radius can broaden the lithium ion migra-
tion channel. In addition, the high-valence (greater than +3) cation
doping (such as Ti*") and anion substitution of 0?>~ by F~ have also
been reported to improve the cycle stability of LiMn,0,4, which
seems to violate common sense due to the reduction of average
valence state of Mn. The performance improvement may be
related to the alteration of surface structure or chemical bond.
For example, the Mn-F bond energy is generally larger than that
of Mn-0 bond energy, and then improve the structure stability
of LiMn,04. In addition, the doping with electrochemically active
nickel element results in the development of LiNigsMn; 504 with
higher discharge voltage platform and higher energy density than
LiMn,04. The doping was regarded as an effective strategy to
enhance the electrical conductivity and lithium-ion diffusion coef-
ficient of LiNigsMn; 504. The surface coating can effectively avoid
the direct contact between spinel cathode and electrolyte and
restrain side reactions such as Mn or Ni dissolution. To ensure
the interface stability, a perfect coating layer should possess a
good lattice match with spinel cathodes and be an excellent
lithium ion and electronic conductor. Hence, coating spinel cath-
odes with fast lithium ion conductors has received wide attention.
In addition, it is significant to obtain homogeneous thin coating
with excellent wettability, which maintains stable morphology
and structure not only in the pristine state but also during electro-
chemical cycling.

6. Summary and outlook

As promising cathode materials for high-performance LIBs, Mn-
based oxides are of great importance because of the high theoret-
ical capacity, low cost, and environmentally benign nature. How-
ever, the practical applications have been limited because of
severe capacity deterioration (such as LiMnO, and LiMn,04 from
the Jahn-Teller effect of Mn3*) as well as further complications
from successive structure changes during cycling, low initial
coulombic efficiency (such as Li-rich cathode and LiNigsMn;504)
and oxidization of organic carbonate solvents at high charge poten-
tial. Large amounts of efforts have been concentrated on resolving
these issues towards practical applications, and many vital pro-
gresses have been carried out. In this review, the primary target
is focused on different proposed strategies and breakthroughs to
enhance the rate performance and cycling stability of nanostruc-
tured Mn-based oxide cathode materials for LIBs, including mor-
phology control, ion doping, surface coatings, composite
construction, etc.

The electrochemical property of Mn-based oxide materials
could be enhanced by designing 1D, 2D and 3D nanostructures.
1D nanostructures offer a direct migration path of ion and elec-
tron, improve the contact area between active materials and elec-
trolyte, and alleviate volume change, and then improves the
electrochemical performance of Mn-based oxide electrodes.
Because of the intrinsic characteristic of large surface area, unu-
sual electronic performance and ultrathin thickness compared
with the diameter of one-dimensional nanostructures, 2D Mn-
based oxide materials can be expected to exhibit even more
excellent electrochemical performance than 1D Mn-based oxide
materials. Furthermore, 2D nanostructures can assemble into
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three-dimensional structure such as nanoflower composed of
nanosheets. Beyond 1D and 2D nanostructures, 3D structure pos-
sesses particular performances because they possess the merits of
most related nanoscale building-blocks, such as high specific sur-
face area, large defect density and cellular structure. In addition,
3D structure Mn-based oxide materials can easily achieve high
energy density used in LIBs because of the large surface/volume
ratios.

Doping is one of the most common ways to enhance the cycle
stability of spinel Mn-based cathode materials. For Mn-based Li
rich materials, the doping is an effective strategy to decrease volt-
age decay by blocking of transition metal ions migration and the
stabilizing the transition metal and oxygen atom layers. The dop-
ing also can reduce the cation intermixing by altering the local
coordination environment and oxygen activity, and then reduce
oxygen evolution and lithium loss in Mn-based Li rich materials.
For LiMn,O4, an effective strategy is to increases the average
valence state of Mn via lower-valence cation doping, and inhibits
the Jahn-Teller effect. In addition, the doping with electrochemi-
cally active nickel element results in the development of LiNigs-
Mn; 504 with higher discharge voltage platform and higher
energy density than LiMn;0,4. The doping was regarded as an effec-
tive strategy to enhance the electrical conductivity and lithium ion
diffusion coefficient of LiNigsMn 504.

The surface coating can alleviate the side reaction at electrode/-
electrolyte interface, decrease the surface lattice oxygen evolution,
and then increase retention of oxide ion vacancy in the lattice after
the first charge. To ensure the interface stability, a perfect coating
layer should possess a good lattice match with spinel cathodes and
be an excellent lithium ion and electronic conductor. Hence, coat-
ing spinel cathodes with fast lithium ion conductors has received
wide attention. In addition, it is significant to obtain homogeneous
thin coating with excellent wettability, which maintains stable
morphology and structure not only in the pristine state but also
during electrochemical cycling.

The performance enhancement strategy mentioned above has
its relative merits and disadvantages. The morphology control
can reduce the transmission pathway of lithium ions and elec-
trons based on the ion diffusion equation, and then improve
the electrochemical performance of electrode materials. However,
the easy aggregation, low tap density of nanostructured materials
and the uncontrollable side reactions between active materials
and electrolyte while loading the electrodes requires further cor-
responding design for developing high-performance cathodes.
Surface coating or composite construction with a conductive
layer is an effective strategy to improve the conductivity of elec-
trode materials, enhance interfacial stability between electrode
and electrolyte, and restrain transitional metals dissolution in
the HF-containing electrolyte. However, a uniform surface coat-
ing around the whole particle of electrode materials is difficult
to achieve. The element doping can enhance the inherent con-
ductivity of electrode materials by altering the bond strength
and the local environment of the lattice, creating gaps, enhancing
the stability of the primary skeleton, or altering ion inter-atomic
forces to promote the ions transmission. However, the doping
usually reduces the number of active ions, and then decreases
the reversible capacity, especially initial capacity. In addition,
the real working principle of various doping elements need to
be quantitatively evaluated. A combination between morphology
control and surface coatings, composite construction, ion doping
may be a more effective strategy to achieve deeper insight into
the structure-performance issues, which contribute to the
rational design and structure optimization of Mn-based cathode
materials.

For LiMnO,, a major challenge is the irreversible and progres-
sive structure change from the layered structure to a spinel struc-
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ture. For Mn-based Li-rich cathodes, the major challenges include
low initial coulombic efficiency, severely continuous voltage decay
and transitional metals dissolution. For LiMn,0,4, the dissolution of
Mn>" is one of the most important factors for the capacity decay
because of the inevitable Jahn-Teller effect. The LiNigsMn; 504 suf-
fers from the aggressive electrolyte oxidation at the later stage of
charging and the transitional metals dissolution in the HF-
containing electrolyte, resulting in serious structure deterioration.
To resolve these challenges, many efficient ways have been used to
improve the electrochemical performances of Mn-based oxide
cathodes. A scientifical investigation on key factors influencing
the cell performance is essential, which includes synthesis route
of the cathode materials, the location valance state of doping ions,
kinds and thickness of coating materials, match of the electrolyte,
membrane, kinds of conductive additive and binders. A combina-
tion between electrochemical in-situ technology and first-
principle calculation route is an effective strategy to achieve dee-
per insight into the structure-performance issues, which con-
tribute to the rational design and structure optimization of Mn-
based cathode materials. A further study of the doping and surface
coating mechanism should be studied, which can directly optimize
the physical and chemical performance of Mn-based oxide
cathodes.

As the flourish of the hybrid electrical vehicles, electric vehicles,
and energy storage devices, the challenge is the development of Li-
ion batteries with a dramatically extended life span and much-
increased energy density. In summary, Mn-based oxide cathodes,
are still one of the hopeful alternatives for high-performance Li-
ion batteries. Therefore, it is significant to gain Mn-based oxide
cathodes with a balance among different factors in order to further
facilitate industrialized application in the field of LIBs. Hence, the
combination of basic and applied research seems to be very impor-
tant. In addition, to obtain a more extensive range of commercial
applications, the green, cheap and controllable synthesis routes
to prepare Mn-based oxide cathode materials with good perfor-
mance need to be further developed. Especially, developing the
Mn-based Li-rich cathodes with high specific capacity (>250 mAh
¢~ 1) and high energy density (>1000 Wh kg~') is a promising
research direction, which can meet the requirement of the auto-
motive market to achieve long-distance drive (>300 miles) and
low cost.
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