Matter

¢? CellPress

Reviving the lithium-manganese-based layered
oxide cathodes for lithium-ion batteries

Shigi Liu,"#? Boya Wang,"#? Xu Zhang,"? Shu Zhao,"? Zihe Zhang,"? and Haijun Yu'-#3*

SUMMARY

In the past several decades, the research communities have wit-
nessed the explosive development of lithium-ion batteries, largely
based on the diverse landmark cathode materials, among which
the application of manganese has been intensively considered due
to the economic rationale and impressive properties. Lithium-man-
ganese-based layered oxides (LMLOs) are one of the most prom-
ising cathode material families based on an overall theoretical
evaluation covering the energy density, cost, eco-friendship, etc.
Unfortunately, the Mn3* cation introduces severe Jahn-Teller (J-T)
effect, which profoundly distorts the localized lattice structure and
reduces the electrochemical stability. This perspective presents
the principal comprehensions of the J-T effect in LMLOs and offers
an outline picture of material design to suppress it. We outline the
history of material design and further assess available approaches
to address the J-T effect. Finally, we tentatively propose promising
design trends with eliminated J-T effect to revive this important
cathode material family toward practical applications.

INTRODUCTION

Lithium-ion batteries (LIBs) are the pivotal electrical power component of electric ve-
hicles (EVs) and electronic devices, and evolve ubiquitously in human daily life.”~
The 2019 Nobel Prize in Chemistry awarded to John B. Goodenough, M. Stanley
Whittingham, and Akira Yoshino further promotes the interests and research high-
lights of rechargeable batteries in modern society. The well-developed layered
LiCoO;, has occupied large market share for cathode since Sony Corporation
coupled it with a graphite anode to realize commercial LIBs in 1991. Due to the
shortcomings of LiCoO», such as the inadequate energy density, expensive ingredi-
ents, environmental pollution and unsustainability, and nickel-rich low-/zero-cobalt
layered cathode materials (LiNig gC00.15Al0.0502, LiNig.9Mng 105, LiNiO,, etc.) have
emerged as promising alternatives to LiCoO, for meeting the high demands of
EVs.°® However, these Ni-rich materials still suffer from drawbacks, such as unstable
structures, undesirable phase transformations, limited thermal/cyclic stability, and
insufficiently reduced cost.” Considering the growing application requests and con-
cerns about economics and toxicity, cathode materials (layered oxides, spinels, etc.)
with manganese as the dominant transition metal (TM) element have seen renewed
interest, and show great potential for mass production capability of high-energy-
density LIBs.

Among various Mn-dominant (Mn has the highest number of atoms among all TM ele-
ments in the chemical formula) cathode materials, lithium-manganese-based oxides
(LMO), particularly lithium-manganese-based layered oxides (LMLOs), had been inves-
tigated as potential cathode materials for a long period. Unfortunately, many
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Progress and potential

The layered oxide cathode
materials for lithium-ion batteries
(LIBs) are essential to realize their
high energy density and
competitive position in the energy
storage market. However, further
advancements of current cathode
materials are always suffering
from the burdened cost and
sustainability due to the use of
cobalt or nickel elements. Lithium-
manganese-based layered oxides
(LMLOs) hold the prospect in
future because of the superb
energy density, low cost, etc.
Nevertheless, the key bottleneck
of the development of LMLOs is
the Jahn-Teller (J-T) effect
caused by the high-spin Mn3*
cations. In general, J-T distortion
of MnOg octahedra in LMLOs can
result in the violent structural
instability and further degradation
during electrochemical cycling,
which is fatal for its practical
applications. Once the J-T effect
is well eliminated by advanced
material design strategies, the
revival of LMLOs as commercial
LIB cathode materials is highly
anticipated.
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drawbacks, such as the poor cyclic stability, voltage decay, difficulties in forming layered
phases, and structural degradation, were not overcome at the early stages and thus
greatly hindered the practical applications of LMLOs.'%"" Significantly, a key issue in
these materials is the Jahn-Teller (J-T) effect, which describes that any non-linear mo-
lecular system with a spatially degenerate electronic ground state undergoes a geomet-
rical distortion to lower the overall energy and remove this degeneracy, resulting in the
difficulty in formation of LMLOs and structural deterioration during electrochemical pro-
cesses. Due to the existence of the high-spin Mn®* in the octahedral MnOy units of
LMLOs, the J-T effect is severe, which has significant adverse effects on the structural
stability and electrochemical performances. Although hindered by the diverse draw-
backs, particularly those induced by the J-T effect, LMLOs still have great advantages
and potentials in the battery field since these drawbacks are expected to be solved
with the fast development of material science and related techniques. Recently, many
effective strategies have been proposed to eliminate the J-T effect for enhanced elec-
trochemical performance of LMLOs, such as element substitution/doping of Mn and

12717 Once the adverse effects that originate because of the

microstructural design.
J-T effect are well solved, the overall performance of LMLOs is expected to be greatly

improved, which could signal a revival soon.

Here, we present a personal perspective on the status and further development of
LMO cathodes based on the analysis of the development history and recent prog-
ress. In particular, among various LMO cathodes, LMLOs possess many advantages,
including high energy density, desirable capacity, and low cost, which show great
promise for the next-generation high-energy-density LIBs. However, the current
exploration of LMLOs is far from enough because of the J-T effect in the Mn-O
frameworks. Therefore, this perspective emphasizes the understanding of the J-T
effect, particularly in LMLOs for LIBs, and strategies to eliminate the undesired
J-T distortion. Although progress on LMLOs has been gradually implemented, it
is not sufficient to meet the practical demands. It is thus critical and timely to sum-
marize, discuss, and estimate LMLOs from the viewpoint of the J-T effect. We
must push back the frontiers of the J-T effect in the years to come.

Elemental manganese for LIBs

From an industrial point of view, the quests for prospective LIBs significantly lie in the
areas of energy density, lifespan, cost, and safety. Lithium-TM-based oxides are the
most mature cathode materials for LIBs, and the adoption of TMs is of the primary
importance. Although various TMs have been used to design cathode materials,
Mn, Ni, and Co are the most commonly used elements in commercial cathode ma-
terials. In particular, among the three TMs, Mn possesses notable advantages in
several aspects. First, Mn has a much higher crust abundance (950 ppm) than Ni
(84 ppm) and Co (25 ppm), and thus its products have higher annual mine production
and lower cost (Figure 1A).*? According to the latest 5-year mineral commodity sum-
maries, the price of Mn metallurgical ore is only ~0.7 USD/kg, less than 7% and 1.4%
of Ni (>10 USD/kg) and Co (>50 USD/kg) metallurgical ore prices, respectively.*’
Second, owing to its specific atomic/electronic structure, Mn yields the derivative
Li,MnO3 as a crucial component for the design of O anionic redox-activated cathode
materials, particularly Li-rich layered oxides (LLOs), which can deliver much higher
capacities and energy densities than traditional cathode materials. Third, Mn has a
lower atomic weight (54.94) than Ni (58.69) and Co (58.93), which is beneficial for
increasing the capacity of cathode materials. For example, the theoretical specific
capacity of LiMnO, (285 mAh g~") is higher than those of LiCoO; (274 mAh g~")
and LiNiO, (275 mAh g~ "). Fourth, owing to its lower toxicity than those of Ni and
Co, Mn causes less-severe heavy metal pollution of the environment.*” Considering

1512 Matter 4, 1511-1527, May 5, 2021

Matter

TInstitute of Advanced Battery Materials and
Devices, Faculty of Materials and Manufacturing,
Beijing University of Technology, Beijing, 100124,
P.R. China

?Key Laboratory of Advanced Functional
Materials, Ministry of Education, Beijing
University of Technology, Beijing, 100124, P. R.
China

2These authors contributed equally

3Lead contact

*Correspondence: hj-yu@bjut.edu.cn

https://doi.org/10.1016/j.matt.2021.02.023


mailto:hj-yu@bjut.edu.cn
https://doi.org/10.1016/j.matt.2021.02.023

Matter ¢? CellP’ress

A Element Concentrations B
. ) 1 2
in Ehe Earth’s Crust H He
== 1.008 4.003
— 5(6|7|8|3a|10
B/ C N O F Ne
. —_ 10.81 12.01 14.01 16.00 19.00 20.18
\ ; Mn:950ppm g 19 20 21 2 2
| y 2 ) Si|P|S | Cl Ar
- 5 = 28.09 3097 32.06 3545 39.95
; £ 5 8
e %Others (5.33%) ] = s 4 25 33 34 35 36
Al (8‘23%) - % B 0 %l .00 ysr-: 7/:952 7??5 gsro sla(.aro
A ] 2
oy, % B 35 =
.Mn’;bas;d S Ni: 84 ppm % ) é
i-base : : 250k 75 -2e” 4
Co-based Theoretical capacity § - ‘i\,—> 25 Mn Mn2
| p [Ar]3d4s? . [Ar]3d54s’
Cyclability Economy L ] M n y
Manganese .
54.94 Mn? € M
€o::25 ppm 02015 2016 2017 2018 2018 [Ar]3d“4s“ [Ar]3d34s°
Energy density Abundance Year
C 1991 1993 2005 2016 2020
Li2MnOs LiLosMnos102  Layered-spinel composites Twin domain Gradient design
Mn-LIBs

Research highlights @

- - Li-rich, Mn-based layered oxides

Physical properties = Electrochemical properties 2018
1992 Li1.2sMno.50C00.2502
LixMnyNi1O:
M 1996 2001 2020 2020
1956 1975 m-LiMnO> LiMn1/3Co13Ni1/0: r-Li-Mn-0 LiMnO:

LbMna-0 LiMnO. StoichidmetricLi-] Min-based oxides
1950s 1970s 1980s 1990s 2000s 2010s
Timeline 1997 1955 7012
LiMnO2 0-LiMnO: Li(Mn:-Co,)02 TM gradient

Li-deficient, Mn-based oxides

""" @ T B >

1958 1966 1983 1991 1996 1997 2013 2019 2020
LiMn204 LiMn1sNiosOa4 LiMn20a Doped  LiMni1sNiosOs Coating Surface 5.3V Partially ordered
LiMn20a LiMn204 regulation LiCoMnOa oxyfluorides

Figure 1. An outline of Mn used in cathode materials for LIBs

(A) Advantages of Mn compared with Niand Co, in terms of crust abundance, characteristics of LITMO, (TM = Mn, Ni, Co), and annual mine productions
and costs.

(B) The atomic structure of Mn and its typical valence states in cathode materials.

(C) The development timelines of typical LMOs, including (1) stoichiometric LITMO,-type (Li/TM = 1), (2) Li-deficient (Li/TM < 1), and (3) Li-rich (Li/TM >
1) Mn-based oxides.'% 1841

these advantages, the re-examination, optimization, and new design of LMLOs, with
the intention to increase the fraction of Mn among TMs, are essential for the devel-
opment of better cathode materials.

As one of the 3d TMs, Mn exhibits a variety of oxidation states up to +7, among which the
electrochemical activity usually occurs between +2 and +4 valences. The electron
configurations of Mn%/Mn?*/Mn®*/Mn** are displayed in Figure 1B. In particular, when
octahedrally coordinated with O, such as in LIMnO,, Mn** with the 3d* configuration usu-
ally presents with an asymmetric electron occupation in Mn eg orbitals and a high-spin
state. In this case, the J-T effect can easily occur, resulting in violent distortions of the
Mn-O octahedra and instability of crystal lattices. On the other hand, the J-T effect is ab-
sentin Mn?* and Mn?* ions due to the different electron configurations, which is benefi-
cial for the stability of the derived materials. Therefore, to improve the electrochemical
stability of LMOs, one of the central concems is the elimination of the Mn®* high-spin
state and the resulting J-T effect throughout the dynamic electrochemical process.
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The studies of LMOs as LIB cathode materials can be dated back to the mid-20th
century. Besides the layered structures of LMOs, the crystal structures show diverse
types, such as spinel, rocksalt structure, etc. At the early research stage of LMOs, the
two named crystal structures are more easily fabricated because of the intrinsic inter-
actions of Mn®* cations, which should not be neglected in the development of
LMLOs.** According to the Li/Mn stoichiometric ratio, which profoundly determines
their crystal structures and electrochemical behaviors, LMOs can be categorized into
three types, including (1) stoichiometric LiTMO,-type (Li/TM = 1), (2) Li-deficient
(Li/TM < 1), and (3) Li-rich (Li/TM > 1) materials (Figure 1C).

Studies of stoichiometric LITMO,-type LMOs began in the 1950s, with a focus on the
synthesis, structural identification, and examination of physical properties (colored
with a blue gradient in Figure 1C). In 1956, Johnson and Heikes®® first reported
the LixMn_4O system by sintering Li,O, and MnO to construct a partial phase di-
agram. They further proposed the orthorhombic LiMnO; (0-LiMnO,) and studied its
magnetic properties. Later, owing to the capability of reversibly accommodating Li*
ions, these materials have been studied as cathode materials (colored with an or-
ange gradient in Figure 1C). In general, stoichiometric LMOs with an orthorhombic
structure were more preferentially constructed than those with the layered structure
using the usual methods, such as solid-state synthesis, which could be ascribed to
the strong antiferromagnetic interactions between Mn®* ions.*>** In 1996, the
layered monoclinic LiIMnO, (m-LiMnO,) was synthesized using the ion exchange
method from layered NaMnO,.'® Unfortunately, because of the severe structural
change induced by the J-T effect, m-LiMnO; can hardly display the satisfied electro-
chemical performance. To stabilize the layered framework, heterogeneous elements
can be incorporated into m-LiMnO, to form binary or ternary LMOs, such as
LiMn,Ni;_,O, and LiMnNi,Co1_,,O, (NMCs). In particular, Ohzuku and
Makimura®* first developed LiMn4,3Nij,3C01,30,, which combines the advantages
of all TM activities and balanced stability, and thus offers a new direction for the
development of commercial cathode materials.”> Nowadays, NMCs have become
one of the mainstream cathode material families. However, the large contents of
elements other than Mn also introduce drawbacks, as described above. Recently,
the r-Li-Mn-O cathode materials with microstructure design have been developed

19,36

for high-performance LIBs.

The Li-deficient LMOs were first studied at almost the same time as the stoichio-
metric LITMO,-type LMOs, including LiMn;O4, LiMn4 sNigsOy, etc., with a focus
on the specific formulation as well as the crystallographic and magnetic proper-
ties.”>?* The lack of efficient Li* ions leads to the generation of the more stable
spinel structure instead of the layered structure. Later, these spinel materials were
also used as cathode materials, which usually delivered better stability than the
LITMO-type LMOs.?® Various optimization strategies, including doping, coating,
surface/bulk structural regulations, and electrolyte modification, have been pro-
posed to improve the electrochemical stabilities, working potentials, and energy
densities for diverse spinel LMOs.”*??*" However, the capacities of LMOs are still
limited because of the intrinsic deficiency of Li.

In contrast to the Li-deficient LMOs, the Li-rich LMOs were later found to exist when a
portion of Li* ions occupy the TM sites in the stoichiometric LITMO,, which may
maintain the pristine layered structure but break the original lattice symmetries. In
particular, in the layered monoclinic Li;MnO3 (m-Li;MnOg3, also formulated as Li
[Li1/3Mn2/3]O5), 1/3 Li* ions occupy the Mn sites and result in the LiMn; slab. The
layered m-Li,MnO3 can be well integrated with the layered rhombohedral LITMO,,
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yielding the Mn-based LLOs (xLi;,MnO3+(1—x)LiTMO,). These materials can deliver
superior capacities owing to both the contributions from metal cationic redox
(MCR) and oxygen anionic redox (OAR) accompanied by the activation of Li;MnOg3,
and their modification, such as by spinel incorporation, can significantly enhance the
electrochemical stability. Due to the similar layered structures between Li,MnO3 and
LITMO;, LLOs have complicated structures. The “twin domain” structures of LLOs
have been well elucidated after long-term studies, which also suggests that Li,MnO3
and LiITMO; can present as different electrochemical functional units.'"*"~*° The
attenuation of the J-T effect by tailoring the Mn>*-related oxides is important for
the optimization of LLOs, and the adjustment of the Li,MnO5/LiTMO; ratio provides
a simple approach toward this goal. Furthermore, the full concentration gradient
(FCG) design, based on tailoring the Li;,MnO3/LiTMO; ratio in local regions, shows
great opportunities for the optimization of electrochemical performance of LLOs."’

The J-T effect in LMLOs

The J-T effect was first proposed by H.A. Jahn and E. Teller in 1937.%° This theorem
demonstrates that, in the degenerated electron state, a non-linear molecule system
will suffer from constant instability, and thus eliminate the degeneracy to form a new
system with reduced symmetry and lower energy. In the non-linear fields of octahe-
dral MnOg4, Mn®* normally exhibits a high-spin state with a very large magnetic
moment and the collinear J-T ordering of MnO, slabs along the elongated axes,
causing the strong J-T distortion (Figure 2A). Compared with Mn3* cations, the col-
lective J-T distortion is apparently absent in Ni and Co cations because of the zigzag
J-T ordering of TMO;, slabs along the elongated axes or the absent electron in eg4
orbitals in the Ni-O and Co-O frameworks.*®*” Considering the electronic struc-
tures, for 3d TMs, including Mn, the 3d orbitals are divided into doubly degenerate
egorbitals, including d,_,» and d», and triply degenerate tp4 orbitals, including dyy,
dy,, and dy, (Figure 2B). For the high-spin Mn3* cation (tzg3eg1) in an octahedral co-
ordination, only one electron will occupy one e4 orbital (eg1), leading to the asym-
metric occupation state of e4 orbitals. The electrons distributed in d,._2 and d,.
orbitals will show different degrees of shielding effect on the Mn nuclei in different
directions. In this configuration, the overall d orbitals no longer match with the Oy
symmetry of the octahedra, leading to the instability of the central Mn®* cation.
To stabilize the Mn®* cation, the two longitudinal Mn—-O bonds in the octahedral
MnOyg are elongated, while the other four horizontal Mn—-O bonds are shrunk, as
shown in Figure 2A. Such a distortion causes the symmetry reduction of the MnOgq
octahedron from Oy, to Dgp, accompanied with the elimination of degenerate
orbitals, reduction of the system energy, and distortion of crystal structures.***®
Especially, for LMLOs containing high-spin Mn3* (t293eg1) ions, the deficient
electrochemical performance during cycling is often seen because of the J-T effect.

Compared with Mn?* and Mn**, Mn®* is unique in terms of the J-T effect owing to its
configuration of d electrons. Taking Mn** for a comparison, the differential charge
densities of the octahedral Mn®*O4 and Mn** Oy calculated using the density func-
tional theory (DFT) are shown in Figure 2C. In contrast to Mn**Og4, Mn3*O, shows
an occupied d,. orbital, as reflected by the yellow regions beside the central Mn®*
cation. This means that the high-spin Mn3" can induce the J-T distortion, while
the high-spin Mn** cannot. Therefore, the J-T effect is closely correlated with the
high-spin Mn®*, and thus one of the central points for the stabilization of LMOs is
the elimination of the high-spin Mn>* in electrochemical process.

Apparently, the control of the spin state (S) of Mn®* cation provides an intrinsic strat-
egy for the elimination of the J-T distortion and the stabilization of LMOs. For Mn®*,
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Figure 2. Schematic illustrations of the J-T effect in octahedral MnO,
(A) A schematic of the octahedral MnOg before and after the J-T distortion.

(B) The molecular orbital energy diagram of the octahedral MnOg and the electronic orbitals of Mn?*/Mn**/Mn** ions.

(C) The calculated differential charge densities of the octahedral Mn3*Og and Mn**Oy. Blue and yell
electron density, respectively. The iso-surface of the charge density is set as 0.015 e/Bohr.”
(D) Schematic diagrams of Mn 3d orbitals with high-/low-spin Mn3* ions.

two spin configurations could be hypothesized in the rhombohedral LiMnO,
(r-LiMnOy) phase, including high-spin (t293eg1, S = 2) and low-spin (t294eg°, S=1)
states. In particular, under the low-spin state, the electrons of Mn** occupy all t4
levels with a spin-down electron (Figure 2D), resulting the inactivity of the J-T effect
of Mn** in -LiMnO,.*”"*° Moreover, by introducing different ligands into the Mn co-
ordination system, the low-spin Mn®* complexes can be fabricated.”' Very recently,
the microstructure design has provided new insights into the elimination of the J-T
effect for a LIMnO, cathode.'” The interfacial orbital ordering, with the d,. orbitals of
the spinel and layered crystal domains being perpendicular, could disrupt the long-
range orbital ordering, which significantly reduces the J-T effect.

Spinel Li-, Mn-based oxides
In 1983, the Mn-based cubic spinel LiMn,O4 (Figure 3A), with a space group of

Fd3m, was first used as a cathode material in LIBs by Thackeray et al.”

The general
formula of spinel AB,;X4 can be drawn from LiMn,QOy, in which the alkali cation A fills
one-eighth of the tetrahedral sites (8a), the TM cation B fills half of the octahedral
sites (16d), and the anion X (O in spinel LMOs) fills the 32e sites to form a cubic close

packed (ccp) array. In LiMn,Oy, the crosslinking interstitial octahedral 16c sites
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Figure 3. Schematic illustrations of crystal structures of representative Li-, Mn-based spinels
(A) LiMn,O,.

(B) Ordered LiMn4 5Nig 504.

(C) Disordered LiMn; sNig 5O4.

provide three-dimensional channels as Li* diffusion pathways, allowing Li* cations to
hop from 8a to 16c to 8a sites. LiMn,O,4 exhibits a theoretical capacity of 148 mAh
g~ at voltages between 3.0 and 4.3 V, with a specific energy density of ~490 Wh
kg~". The average valence of Mn in LiMn,O, is +3.5, which is a critical point for
the J-T effect since half of Mn ions are Mn** (t,5’e,").”” During the Mn**/#* redox
process during electrochemical (de)lithiation, the structural degradation of spinel

LMOs between the cubic LiMn,O4 and tetragonal Li;Mn,O4 can take place.53'54

The J-T active Mn*®* cations can undergo the disproportionation reaction of 2Mn3*
— Mn*" + Mn?*, which is also a crucial reason for the structure and capacity degra-
dation of spinel LiMn,O4. During cycling, H* and F~ ions dissociated from the strong
Lewis acid HF by-product of electrolytes would react with active axial oxygen species
and TM ions to form H,O and fluoride species, respectively.”>> Simultaneously,
electrons will transfer from the metal to the ligand, and thus the J-T active Mn®* is
oxidized to Mn**. The reduction of other Mn®* ions to J-T-free Mn?* ions causes
the instantaneous oxidization of electrolytes, evolution of gases, and generation
of other reactive protic species. Moreover, the Mn?* ions can easily dissolve into
the electrolyte and deposit onto the negative electrode, leading to the gradual

degradation of the spinel cathode LiMn,0,.5%°7:58

To decrease the contents of bulk J-T-active Mn>" ions, different spinel derivatives on
the basis of LiMn,O4 have been developed. One of the most popular derivatives is
the high-voltage LiMn; 5Nig 504 (LMNO) spinel by introducing the low-valence NiZ*
into the parent spinel. As a result, the valence of Mn cations may be increased to +4,
which may inhibit the J-T effect of the material.?’->? However, it should be noted that
such a strategy is influenced by the crystal structures of LMNO. In general, two
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different structures of LMNO, including the ordered (P4332) and disordered (Fd3m)
structures according to the locations of TMs (Figures 3B and 3C), can be obtained by
different sintering temperatures. Moderate temperatures of ~700°C are suitable for
the formation of the ordered phase. In contrast, elevated temperatures stimulate the
formation of disordered phase due to the oxygen loss in the bulk phase, which
causes the charge compensation by the partial reduction of Mn** to the J-T active
Mn3*.? Although the Mn>* cations can enhance the superb electronic conductivity,
discharge capacity, and rate performance of the disordered LMNO, the existing J-T
distortion still hampers the structural stability and cycle performance. Bulk doping
could be one effective solution to suppress the J-T distortion. For example, Mg®*
distributed at the tetrahedral 8a and octahedral 16c sites of LMNO could reduce
the two-phase reaction from Lig sNig sMn4 504 to Nig 2sMng 750, and create excep-
tional cycle stability.®

However, normal spinel LMOs could not sustain enough capacity and energy density
due to the deficient Li* ions,*" and new design of spinel LMOs based on the adjust-
ment of the local Mn-O structure is required. From the direction shown in Figure 3,
the spinel phase could display a partially layered structure, with tetrahedral Li*
occupancies instead of edge-shared octahedral configurations. Moreover, the
lithiated spinel Li;Mn,QO4 can deliver a capacity of nearly 300 mAh g~" due to the
two-Li* (de)intercalation.?>>° Nevertheless, the existing issues, including the phase
transition/separation and J-T effect-induced structural degradation, could not be
avoided. An effective way to address these problems for the fabrication of high-qual-
ity spinels could be the design of face-shared tetrahedral and octahedral structures
and disordered cationic lattices, which favors the high mobility of Li* ions and thus
better performances.®'¢%4

Lithium-rich, manganese-based layered oxides

Because of the eminent properties of LMLOs, researchers persevered in developing
and optimizing these materials with stable structures and enhanced performances.
One of the effective ways is the incorporation of electrochemical inactive functional
units to suppress the structural degradations during electrochemical cycling. In
particular, Thackeray and colleagues''®’ first adopted a chemical acid leaching
method for the defective spinel A-MnO;, to fabricate Li,_,MnO3_,,, (0 < x < 2)
with a ccp oxygen array. A lithiated derivative oxide Lijg9Mng 910, (0.2Li;M-
nO3-0.8LiMNnO,) was thus obtained, which could be nominated as the predecessor
of LLOs (xLi,MnO3+ (1—x)LiITMOy). In LLOs, both the randomly distributed Li,MnO3-
like crystal domain and the intergrown LiTMO, crystal domain exist in the lattice.
Thus, LLOs can be interpreted as “twin domain” structured materials. The crystal do-
mains evolve under the influence of electrochemical operations and environmental
conditions, such as the cutoff voltages and activation temperatures, showing strong
synergistic effects and interconversions.** Benefiting from the Li,MnOs-like crystal
domain, LLOs are more stable than LiTMO, alone during electrochemical (de)lithia-
tion processes below 4.4 V versus Li/Li*. Surprisingly, the Li;MnOs-like crystal
domain can be activated at voltages above 4.4 V, a process correlated with activa-
tion of the OAR process. OAR can provide considerable capacity with the increase
of activation depth. Therefore, the reaction mechanisms of LLOs can be briefly
concluded as being the co-existence of MCR and OAR during electrochemical pro-
cesses (Figure 4A).° Therefore, although most of the average voltages of LMOs are
lower than Ni/Co-based layered oxide cathodes, Mn-based LLOs can deliver a high
capacity of >250 mAh g~ with an average voltage of ~3.6 V, which still makes the
LMLOs one of the most important cathode families for the next-generation high-en-
ergy LIBs.”*7“° However, LLOs suffers from diverse drawbacks, such as the poor rate
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Figure 4. Schematic illustrations of the redox mechanism and reaction routes in LLOs

(A) Schematic of MCR and OAR in the initial (de)lithiation process of LLOs.

(B) Three-dimensional quaternary reaction route diagram of LLOs with regions of different degrees
of J-T effect.

performance, large voltage hysteresis, and serious voltage degradation during elec-
trochemical cycling. These drawbacks have been partially eliminated by continuous
progress.?1:56:46.67

As a member of the LMLOs, m-Li;,MnO3 with a space group of C2/m has a similar
structure to r-LiITMOy, in which 1/3 TM sites are occupied by Li* ions, leading to
the formation of the honeycomb LiMn; superstructure. Although the Li;MnOs3-like
crystal domain in LLOs could stabilize the LiTMO, structure, Mn3* jons in LITMO,
can still generate the J-T effect and induce a large volumetric strain for the bulk,
which reduces the electrochemical reversibility because of the repeated volume
variation and possible formation of cracks. Furthermore, due to the occupation of
Li* ions in the TM layers, the Li—-O-Li configurations appear in the LLO structures,
inducing the formation of a non-bonding-like O orbital, which locates near the Fermi
level and thus makes electron loss from O (OAR) quite possible.68 Thus, the OAR
occurring in LLOs at high potentials can provide extra capacity; however, the lattice
O can easily escape from the LLO surface, causing a decrease of the average valence
of Mn and thus more obvious J-T effect.*'**” At the same time, the O vacancies
decrease the migration energy barrier of Mn and lattice densification of bulk LLO.
The proper design of the bulk structure intrinsically alters the properties of LLOs
for better electrochemical performance.

To discern the relationships between the structural evolution of LLOs and their
design, and to consider the compositions of Li;MnOj3-like and LiTMO;, crystal do-
mains, the crystal-domain reaction mechanism of LLOs was proposed, as shown in
the three-dimensional quaternary reaction route diagram (Figure 4B). In this dia-
gram, the two electrochemical stages (<4.4 V and 4.4-4.8 V) determined by the re-
actions of LITMO,- and Li;MnOg-like crystal domains, respectively, can be clearly
observed. Moreover, based on the evolved structures of LLOs with different
components in this diagram, the regions of J-T distortion with different degrees
can be outlined by the valences of Mn.

We take Liy.13Mng 517Nig.256C00.09702 (0.3Li,MNnO3-+0.7LiMng 42Nig.42C00.1602,
3/7LLO) as a typical LLO material to explore the underlying reaction mechanisms.
After the initial full activation process (line I-ll, II-C, and C-lll), the majority of com-
ponents are transformed into the monoclinic LITMO, structure (point Ill). In the
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Figure 5. Schematic illustrations of strategies to prevent the J-T effect
(A) Schematic of bulk elemental substitution/doping strategies in LMLOs.
(B) TM (Mn and Ni) arrangements in the TM layer of the representative LiMng gNig 2O>.

following cycles, Mn dominates the major capacity contribution of MCR.4*¢ When
MCR dominates the electrochemistry during (de)lithiation processes, the J-T effect
plays a detrimental role in the average and local structures due to the formation of
Mn3* cations. The average valence of Mn in 3/7LLO after full activation should
be +3.5, which is the critical point for the J-T effect.””“® With the appropriate in-
crease of the LITMO;, fraction, owing to the rising valence of Mn after the initial acti-
vation cycle, better structural and cyclic stability could be acquired. Hence, the well-
designed LLO pristine materials with diminishing J-T effect interference (the valence
of Mn above +3.5 after the first cycle) and controlling the degree of OAR (by control-
ling the activation degree of Li,MnOj3) could show highly optimized electrochemical
properties.

Remedies for J-T distortion in LMLOs

Aside from the strategy of tuning crystal-domain compositions and electronic struc-
tures, many other strategies have been proposed to inhibit the J-T distortion for sta-
ble cathode materials for a long time. One of the commonly used strategies is the
bulk elemental substitution/doping in LMLOs. According to the substitution/doping
sites, including TM, Li, and O, three types of dopants can be concluded (Figure 5A).
The popular dopants at TM sites include Ni, Co, Fe, Al, Ti, Mg, and Cr, yielding many
TM-substituted/doped compounds from the parent LiMnO,, such as LiMng sNigp 50>
and LiMng ¢Cog 1051315/ 18:33.70-72 Thage dopants can either alter the neighboring
atomic structures of Mn ions, resulting in more stable average structures than that of
the pristine materials or directly tune the valence of Mn to a level above +3.5 to avoid
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the violent J-T regions, such as introducing low-valence elements, Mg®*/Ni?*, into
the bulk phase.”? Introducing Na, K, and Ti dopants into the Li sites of layered struc-
ture can also enhance the structural stability, because the large dopants in the Li
layer may adjust the bond lengths to be uniform, thereby maintaining the symmetry
of MnO, octahedra.”®’%” Doping with anionic species at the O sites of MnOy is also
promising due to the variant covalency of Mn—X interactions (X = F~, $*7, and PO4*",
etc.), which is ascribed to their different electronegativities and radii, so that the
distortion of MnOg octahedra could be inhibited.®7¢77

Moreover, the arrangement of TM cations in the TM layer of LMLOs is also crucial to
tailor the crystal structures and electrochemical properties. In 2007, Thackeray
et al.”® proposed the cation arrangements of the flower-like LiMng_,M, (M = Ni,
Co) in the TM layers of LMLOs, such as LiMn, and LiMnsNi cation ordering units in
the Li;MnOs3-like and LiMng sNig sO> units, respectively. Heterogeneous ions would
disturb the regular arrangements of TMs and their neighbor structures. Therefore,
the electronic interactions affect the charge ordering, which would influence the
electrochemical behaviors.

By selecting LiMng gNig 2O as a model material, we tentatively investigated the rela-
tionship between the arrangement of TMO, (MnO4 and NiO, octahedra) in TM
layers and the J-T effect in LMLOs. Two different TM arrangement types, including
[6Mn-Ni-2Mn-Ni],, and [4Mn-Ni-4Mn-Ni],,, were designed, as shown in Figure 5B. We
refer to the distortion index DI(MnQy) to reflect the degree of J-T distortion in MnO,
octahedra, which is defined as follows:”’

‘dr‘ - davs‘

d,

ave

6
DI(MnOy) = % >
i=1

where d; and d,.. demonstrate the specific and average Mn-O bond length,
respectively. In Figure 5B, DI(MnO,) values of the two TM arrangements are
calculated to be 0.0321 and 0.0460, respectively (Figures ST and S2). The lattice
constant of TM arrangement Il is more similar to the R3m symmetry than that of
TM arrangement | (see Table S1 and Figures S1 and S2), which means that the
[6Mn-Ni-2Mn-Ni],, arrangement has a higher structure symmetry. Therefore, the
architecture of TM arrangement Il shows less influence on the lattice intactness
than that of TM arrangement I. In terms of the matching degree of lattice, the
different distributions of NiO, octahedra in the TM layer would lead to different
MnOg octahedral symmetries. In other words, the introduction of Ni at diverse
sites of TM layers could suppress the extension of the Mn-O bond length.
From the theoretical speculations, distinguished crystal structures and arrange-
ments of TM ions could be beneficial to prevent J-T distortion, which could
be realized by designing and tailoring the synthetic conditions, processes, and
technologies, such as the type of TM ions, thermal treatment temperatures,
and procedures selected. This proposition holds considerable opportunities for
further improvements of versatile J-T-inhibited LMLOs, which would be more
beneficial to enhance the electrochemical performances and large-scale use of
the LMLOs.

Synthesis strategies of LMLOs for suppressing the J-T effect

The prevailing synthetic strategies of LMLOs include the co-precipitation, ion ex-
change, solid-state synthesis, high-pressure synthesis, and sol-gel and solvothermal
methods, which show diverse advantages (Figure 6).36:40.72.80.81 The co-precipita-
tion is the most popular method to synthesize commercial cathode materials, which
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effect

can easily tailor the chemical compositions, particle sizes, morphologies of
agglomerates, and “single-crystal” particles.*’**° In addition, FCG design through
co-precipitation was first exploited in Ni-rich layered oxides, showing high energy
density, high thermal stability, and durable cycle life, using the optimized gradient
design.*® Recently, the gradient design was also been realized in Mn-based LLOs.
Among a series of FCG-tailored structural designs, different gradient slopes of line-
arly decreasing Mn and increasing Ni and Co from the interior to the exterior of the
agglomerated spheres show suppressed voltage decay, improved electrochemical
performances, and enhanced thermal stability. This strategy can reduce the J-T ef-
fect because the lattice-stabilized 3/7 LLO is fabricated at the particle surface and
the valences of Mn ions can be tailored by the proportion and composition of crystal
domains. In addition to the agglomerated spherical LLOs, single-crystal LLOs also
show promise, since their mechanical behavior, and thermal and interface stability,
are clearly enhanced over their agglomerate analogs.®>®> Combining the FCG
design with single-crystal particle configuration, optimized overall electrochemical
performances are expected in the future.

The layered LiMnO; with a monoclinic phase and C2/m space group of a-NaFeO,
structure was first prepared by Armstrong and Bruce'® in 1996 by ion exchange
from the layered NaMnO,, which shed light on the low-cost and high-energy-density
LMLO cathode materials for LIBs. In general, the stoichiometric LiMnO, prepared by
solid-state synthesis is always in the orthorhombic phase with a space group of
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Pmnm, exhibiting a distorted ccp oxygen anion array in the ordered-rocksalt struc-
ture because the octahedral LiO, and MnOg units arrange in the zigzag Li and Mn
layers, respectively. Compared with the C2/m symmetry, the R3m symmetry in the
Li-Mn-O system has higher structural reversibility and faster Li* migrating character-
istics. Although the synthesis procedure is complicated by exchanging Na* with Li*
cations, the recently reported Li-rich r-Lig 91Mng 760 still shows impressive rate
performances.®” At the same time, the Mn ions show a low-spin state in the pristine
materials, which can mitigate the structural distortion and degradation caused by
the J-T effect. Recently, accompanied by the OAR, the high-capacity and high-en-
ergy-density properties of LMLOs were also realized by this strategy, attracting
more and more researchers to fabricate high-performance and low-cost LMLO
cathodes.**%%%* Hitherto, proposals to address the J-T effect of Mn** in layered
LiMnO,, and to synthesize the rhombohedral phase with a space group of R3m in
a facile and efficient way, are still challenging.

The Mn-O bond lengths in the rhombohedral symmetry of LiMnO, have been
indicated to be equal.?’?> To handle the J-T effect of Mn3*-containing MnO,
octahedra, the high-pressure synthesis may show advantages to suppress the
distortion and to fabricate the rhombohedral phase spontaneously. The high-
pressure and high-temperature environment could reduce the lengths of the
two elongated Mn-O bonds in the MnOg4 octahedra and contribute to the higher
energy barrier of MnOg-octahedra structural rearrangement, showing a unique
way to eliminate the J-T distortion.?®” For example, by using Co substitution,
the lattice of the r-LiMnO, matrix can be stabilized in the high-pressure and
high-temperature environment to form r-LiMng 3,C0g 6402 with no J-T behavior
and high-energy-density performance.®’ However, the economic and industrial
advantages of LMLOs prepared using this strategy are decreased because of
the existence of electrochemical inactive phases and the large amount of Co
participation. Therefore, optimization of the high-pressure method is needed to
further develop LMLOs as cathode materials with high Mn content to eliminate
the J-T distortion.

Conclusions and outlook

Because of the historical progress and experience in structural design, LMLOs have
become important among various energy storage materials and are expected to be
revived in future (Figure 7). Currently, the imperative task for their practical applica-
tions is to find highly efficient methods to develop J-T-free LMLO cathode materials,
which need to have high structural stability, suppressed layer-to-spinel transition,
superior long cycle life, and negligible voltage decay."’
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The regulation of Mn valence throughout the electrochemical cycling process is of
primary importance to avoid the violent J-T effect and to suppress structural distor-
tion. To this end, one of the effective methods is the substitution/doping of hetero-
geneous atoms in bulk to increase the average valence of Mn. First, the introduc-
tion of vacancies of Mn or O ions may also be effective to control the J-T
distortion by restraining the elongated bonds and tuning the valence of Mn
ions.®® Second, various components with different ratios could be integrated to
tune the Mn valence. In particular, the valence of Mn in LLOs after the initial activa-
tion process can be tailored by the proportion of LITMO,- and Li;MnOs-like crystal
domains.® Third, the stabilization of the metastable structure by external stimuli is
unique to obtain specific LMLOs. For example, under the high-pressure and/or
high-temperature environment, the lengths of chemical bonds can be altered,
and thus symmetry of the octahedral MnO,, can be directly enhanced.®’ The mis-
matching pressure from specific epitaxial orientation growth in the thin-film cath-
ode materials could also selectively tailor the Mn-O bonds and thus obtain high
symmetry.>® Finally, the localized structure design has also shown notable effective-
ness, which can confine the distortion units in localized regions with short-range
ordering.'”*"%¢ In particular, the design of FCG-tailored Mn-based LLOs with
agglomerated and single-crystal structures is a unique and effective method, which
can combine the advantages of different microstructures at different particle
regions.”’

At present, in the representative LMLO system, stabilizing the crystal structures of
the pristine and electrochemical dynamic states is a highly challenging issue to be
addressed to meet the ever-increasing demands of advanced cathode materials
for LIBs. The irreversible structural degradation from layered structures to spinel
and rocksalt structures, dissolution of the elements, the large volume deformation
during (de)lithiation processes, as well as the J-T effect resulting from Mn>* cations,
are issues that need to be resolved as soon as possible. With the deepening of the
understanding of the properties and structures of LMLO systems, new views and so-
lutions to enhance the electrochemical performances could be advanced by the
design of functional units with specific architectures. Coping with the J-T effect
will remain of key importance in the materials design, including the localized struc-
tures and microstructures, which could be realized by tailoring the crystal domains
and electronic states. All in all, we stand at a turning point in history with great op-
portunities, huge potentials, and urgent demands for the revival of the use of
LMLOs. Once the J-T effect is addressed properly, we foresee the practical values
of LMLOs in general.

METHODS

The DFT calculations were performed using the Vienna Ab initio Simulation Pack-
age.®”?° The electron exchange and correlation energy were treated within the
generalized gradient approximation in the Perdew-Burke-Ernzerhof functional.
The kinetic energy cutoff of the plane-wave basis was 480 eV. The Brillouin zone
was sampled at the I'-point for 10a X 1b X 1c supercell (contains 30 LiTMO units).
The force on each atom in the optimized geometry was less than 0.05 eV A-"and the
energy was less than 107> eV between two consecutive steps, when assuming U
values for Mn and Ni of 4.9 and 6.0, respectively.
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