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Abstract Lithium cobalt oxide, LiCoO,, has been the most
widely used cathode material in commercial lithium ion
batteries. Nevertheless, cobalt has economic and environmen-
tal problems that leave the door open to exploit alternative
cathode materials, among which LiNi,Co,Mn,_,_,O, may
have improved performances, such as thermal stability, due to
the synergistic effect of the three ions. Recently, intensive
effort has been directed towards the development of
LiNi,Co,Mn, O, as a possible replacement for LiCoO,.
Recent advances in layered LiNi,Co,Mn, . ,O, cathode
materials are summarized in this paper. The preparation and
the performance are reviewed, and the future promising
cathode materials are also prospected.

Keywords Layered composite oxide - Cathode materials -
Lithium ion battery - Review

Introduction

LiCoO, has been commercially used as a cathode material
for lithium-ion batteries due to its high capacity and
excellent cycling stability. Nonetheless, cobalt has economic
and environmental problems that leave the door open to
exploit alternative cathode materials [1-9]. For example,
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layered LiNiO, [9-12], LiMnO, [2, 13-17], and their
derivatives are promising cathode materials for lithium-ion
batteries due to their high theoretical capacity and low cost
[18]. Unfortunately, these materials still have significant
drawbacks. The major problems associated with LiNiO,
include the difficulty in preparing stoichiometric LiNiO,
powders without cation mixing, the structure degradation
caused by irreversible phase transition during electrochemical
cycling [19, 20], and thermal safety problems caused by
oxygen release in the charged state. The main shortcoming
of layered LiMnO, is the crystallographic transformation to
spinel structure during electrochemical cycling [2, 21].
Although layered LiMnO, materials that do not convert to
spinel during cycling were reported by Paulsen et al. [22],
the preparation of the materials involved a cost-adding,
multistep process of ion exchange of Na © with Li * .

Various approaches such as partial replacement of nickel
and manganese by transition metals and optimizing prepa-
ration methods and conditions were adopted to improve their
performance [23-26]. For example, LiNi;_,Co0,0,, where
x<0.4, is considered as a promising material based on its
lower price, higher specific capacity, and better cycleability.
However, its thermal safety still cannot satisfy the require-
ments for practical applications.

The most appropriate and successful approach is to
introduce Ni, Co, and Mn ions simultaneously in the layer
structure [12, 27-38]. A solution of LiNi,Co,Mn; , ,0,
may possess improved performances, such as thermal
stability [5, 39], due to the synergistic effect of the three
ions. Therefore, recently, intensive effort has been directed
towards the development of LiNi,Co,Mn;_,,0, as a
possible replacement for LiCoO, [40—46]. Dahn et al. [30,
37, 39, 47, 48] and Ohzuku et al. [29, 49, 50] did much
valuable work in this field. Hwang et al. [28] reported
the specific capacity of around 150-200 mAh g' for the
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LiNi;3Co;,3Mn; 30, materials with a single phase and
layered structure. The electrochemical performance of
LiNi,Co,Mn; , ,0, had been reported to be dependent
upon structure, composition, synthesis technology, and
voltage range during charge/discharge [37, 47, 51-55].
For example, Li1‘05Ni0_35C00_25Mn0_402 with oc—NaFeOz
structure showed initial capacities of 165 and 195 mAh g~
between 2.8-4.5 and 2.8-4.8 V, respectively, and the
capacity retention decreased to 86% and 53% after 20
cycles, respectively. Yoshio et al. [56] found that the initial
discharge capacity of LiCog osMng,Nig 750, is independent
on the amount of the extracted Li © but kept constant
between 155 and 158 mAh g .

Structure and characterization

Similar to LiCoO,, LiNi,Co,Mn, _,,0, generally exhibits
a well defined «-NaFeO, layered structure, which is
hexagonal crystalline and indexed as R-3m space group
[48, 57, 58]. This structure has Li © at the 3a sites, the
transition metal ions M ( M =Mn, Co, and Ni) at the 3b
sites, and O” at the 6¢ sites in a MOg octahedron. X-ray
diffraction is an effective methodology to investigate the
crystalline structure since it gives one a good picture of
the long-range structural changes in the materials [59]. The
value of 1(003)//(104) is used as a standard to measure
the degree of the cation mixing in the layered compounds.
The smaller the /(003)/1(104) value, the higher the disordering.
Generally, the undesirable cation mixing takes place when /
(003)/1(104)<1.2 [27, 60]. Moreover, distinct splitting of the
(108), (110), and (006), (102) peaks were also taken as the
standard of a well-ordered -NaFeO, structure [28, 61-63].
Valence analysis is very important for understanding the
electrochemical mechanism of LiNi,Co,Mn,_,_,0,, while
it is usually complicated since the valences of Mn may be
2, 3, or 4 and Ni usually shows mixed valence [31, 49, 64,
65]. For example, Whittingham et al. [66] found that, in Li
[Nig 4Co0¢oMng 4]0, material, the valences of cobalt and
20% of the nickel are + 3, while the valences of the rest of
the nickel and manganese are + 2 and + 4 respectively.
X-ray photoelectron spectroscopy [57-63], X-ray absorp-
tion near-edge structure (XANES), and extended X-ray
absorption fine structure (EXAFS) are generally the main
techniques for valence analysis [28, 49, 59, 67]. Informa-
tion about the valence state of the transition metal elements
and their electronic configuration was generally obtained
from XANES region of the K-absorption edges, whereas the
EXAFS region was used to probe the structure around the
X-ray absorbing atoms. In addition, XAS can distinguish
between the bulk properties measurement in transmission
mode and surface properties by fluorescence, or even
more restricted to surface by electron yield or grazing
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incidence measurements. Kim et al. [68] investigated the
variation of valence with charging—discharging state of the
transition elements and got very important information on
developing a complete understanding of the charge—discharge
mechanism.

Co may stabilize the layered structure and suppress the
cation mixing between 3a and 3b sites, where the Ni* © and
Li © cations occupy each other’s sites, leading to the good
performance of the materials. However, the increase of Co
content results in a decrease of the lattice parameter of ¢
and a, and an increase of the c/a ratio, leading to a decrease
of the lattice cell, which decreases the capacity of the
materials. Reversely, the increase of Ni content results in an
increase of lattice parameter of ¢ and a, and a decrease of
the c/a ratio, leading to an increase of the lattice cell.
However it benefits the capacity of the materials. However,
the high content of Ni leads to the cation mixing, which
deteriorates the performance of the materials. The partial
substitution of Ni by Mn can improve the safety, but high
content of Mn can lead to a phase transition from a layered
structure to a spinel one [31]. Therefore, the contents of Ni,
Co, and Mn need to be optimized for the best performance
of the materials.

Cyclic voltammograms and AC impedance are helpful in
understanding the electrochemical reactions and the role of
every cation during charge—discharge. Generally, the redox
near 3.8, 4.6, and 2.9 V can be attributed to NiZ *— Ni* *,
Co> " —>Co* ¥, and Mn® * ->Mn* T [30, 69-71],
respectively, while it is usually hoped that manganese is
inactive to stabilize the layered structure [61].

The thermal stability of LiNi,Co,Mn;_,,0, in electro-
lytes generally increases with potential decreasing. It can
have remarkably higher stability than LiCoO, when the
composition is adjusted. J. R. Dahn et al. [72, 73] reported
that the onset temperature of LiNig »5C0o sMng 50, was 80
and 100 °C higher than that of LiCoO, at 4.8 and 4.2 V,
respectively. Lithiated nickel oxide-based cathode materials
are associated with great safety concern as they enter into
an exothermic decomposition reaction with the electrolyte
in the fully charged state at elevated temperatures. The
exothermic reaction is attributed to the reaction of the
highly oxidized Ni* © ions with the organic electrolyte,
which results in the evolution of flammable gases. The
partial substitution of Ni by Co and Mn not only helps
suppress this exothermic reaction but also shifts the reaction
to a higher temperature.

Properties
The introduction of Co in the LiNi,Co,Mn,;_, ,0, elec-

trode can eliminate its cation mixing, enhance its structural
stability, prevent phase transformation from layer to spinel,
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and improve its electrical conductivity [57, 59, 64, 66].
Dahn et al. [72, 73] confirmed this by investigating
LiNi0,25C00A5MnO,2502 and LiNi04125C00.75MHQ12502. How-
ever, too much Co in the LiNi,CoMn, , ,O, electrode
leads to high cost and a reduction in specific capacity [71,
74]. Generally, the slightly higher content of cobalt (0.4<y<
0.8) is necessary to achieve better cycle life. Consequently, it
is of great importance to optimize the cobalt content in the
LiNi,Co,Mn, ., 0, material to get both applicable electro-
chemical performance and acceptable cost.

The increase of low-cost metals of Ni in LiNiCo,
Mn,; . ,0, electrode could avoid electrolyte decomposi-
tion at the end of the charge potential and improve its
reversible specific capacity [28, 34, 67]. However, some
significant drawbacks restrict the content of Ni to a limited
range. The first is cations mixing [30, 31, 64]. Since the
radius of Ni* * (0.069 nm) is close to that of Li © (0.076
nm), partial Ni> © may occupy 3a sites and cause cation
mixing and remarkable irreversible initial capacity. Further-
more, Ni* © and Ni* © produced during charging may
cause the collapse of the layer structure locally, resulting in
degradation of electrochemical performances [61, 75]. The
partial substitution of Ni by Co can decrease the content of
Ni? ", leading to a decrease of the cation mixing [65].

Mn is generally electrochemically inactive in the
LiNi,Co,Mn, _,,0O, electrode with good electrochemical
performances, and it contributes to the safety and structural
stability, and reduces the cost, of the LiNi,Co,Mn; , ,0,
electrode [59, 60]. However, superfluous Mn is the seed of
phase transformation from layer to spinel [74, 76].

Kim et al. [68] investigated the roles of the transition metals
in LiNi,Co,Mn; _,,0, by neutron diffraction and situ-XAS
using LiNi1/3C01/3M1'11/302, Lil.lNio_3C00.3Mn0_302, and
Li; 1Nig>Cog 3Mng 40,. They concluded that LiNi,Co,
Mn;_,,0, with lower Ni/MMn + Co) may have better
stability and electrochemical performances. The degree of
cation mixings has little effect on the electrochemical
properties in this case. However, the Ni/(Mn + Co) ratio
should be reduced to obtain good electrochemical proper-
ties with little capacity loss in this layered material.
Especially after the end of the discharged state, insuffi-
cient reduction of Ni* © to Ni* © was observed by ex situ
XAS studies, which might be one of reasons for capacity
loss on the first cycle.

Lee et al. [77] found that the specific capacities of
LiNi;;3C0;3sMn; 50, are 159, 168, and 179 mAh g
between 2.8-4.2 , 2.8-4.35 , and 2.8-4.5 V, respectively,
indicating that the electrochemical performance relies on
the voltage region of charge—discharge. In addition, the
temperature for cycling may affect the capacity of LiNi,.
Co,Mn, O, materials. Li et al. reported the significant
effect of temperature on the electrochemical performance of
LiNiz/gCo2/Mn3,30, [78].

Moreover, the formation process of the cell and the
electrolyte used in the cell are of great importance since they
determine the interface reaction for LiNi,Co,Mn; . ,0,
electrodes. Liu et al. [79] reported that the high-rate
capacity of LiNi,Co,Mn, . ,0O, electrodes changed little
when formed at high rate, while it decreased markedly
when formed at low rate. Besides, the effect of the
formation process on LiNi,Co,Mn,_,,0O, electrodes is
weaker in LiPF¢/EC + DMC + DEC than in Li, BOB/EC +
DEC + EMC.

Preparation and performance

The average valence of the transition metals should be + 3
to keep electron neutralization and stable structure. The
popular method is to keep Ni/Mn (mol/mol) = 1:1 [60], as
shown in Fig. 1, then adjust the content of Co to optimize
the cost and the electrochemical performances.

The synthesis methods widely used include solid-state
reaction, coprecipitation method, sol-gel method, ultrasonic
spray thermal decomposition, and spray-dry method. Some
typical works are shown in Table 1.

The solid-state reaction at high temperature after ball-
milling is a simple process to prepare LiNi,Co,Mn; ,,0,
cathode materials. However, the particle size and morphology
cannot be controlled in this method, usually leading to the
poor performance of the materials. Coprecipitation, generally
with carbonates, oxalates, and hydroxides, followed by high
temperature calcinations, is more popular in the preparation of
LiNi,Co,Mn; O, because the preparation process, as
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Fig. 1 The reported LiNi,Co,Mn;_,,0,
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Table 1 Typical attempt on preparation of LiNi,Co,Mn, .05

Researchers

Synthesis

Composition

Conclusion

Chio et al. [52]

Whittingham
et al. [66]

Dahn et al.
[72, 73]

Cao et al. [82]

Su et al. [83]

Kan SH et al.
[84]

Cho et al. [64]

Ohzuku et al.
[29, 49]

Chen et al [85].

Cho TH et al.
[86]

Wang et al.
[87]

Oh et al. [53]
Li et al. [88]
Na et al. [89]
Li et al. [90]
Ching-Hsiang

Chen et al.
[61]

Son et al.

[91, 92]
Liao et al. [93]
Xiao HN

et al. [94]
Gan et al. [95]
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Coprecipitation, mixed
hydroxide 900 °C for
24 h

Coprecipitation mixed
hydroxide

Coprecipitation mixed
hydroxide

Coprecipitation mixed
hydroxide 800-900 °C
in air

Coprecipitation mixed
hydroxide 750 °C for
20 h

Coprecipitation 600 °C
for 16 h and then
1,000 °C for 15 h in air

Carbonate coprecipitation
>750 °C

Coprecipitation mixed
hydroxide

Coprecipitation mixed
hydroxide

Oxalate coprecipitation
1,000 °C for 20 h in air

Spray-drying method

Spray-drying method

Spray-drying method

Sol-gel method in air

Sol-gel method 700 °C
for 7 h

Sol-gel method 900 °C
for 12 h

Sol-gel method 500 °C/
5 h and then 1,000 °C/
10 h in air

Solid-state 890-950 °C
in oxygen

Solid-state 800—1,050 °C
for 20 h

Solid-state 600 °C/10 h
then 850 °C/10 h in air

LiNig s-,Cog.s-,Mn,0, and
LiCogs-,Mng 5 ,Niz,0,
LiNig s yMnO.SijOZyOZ
[81](0=<2x<1)

LiCog,Mng 4Nip 40,

LiNi,Co;-,,Mn,0,

LiN i0_5C00_2Mn0_202

LiNig 7Cog,Mng ;05

LiNig 47sMng 475C00,050

LiNi;;3Co04/3Mn; 30,
Li Ni;;3Co3Mn; 30,

LiCoMn,Ni, -, ,0,
(0<x<0.3, y=0.2)
LiNi;;3Co0y3Mn; 30,

LiMn, ,Cog 1Nig 705,
LiMny 5C0.25Nig.5502,
LiMng ,Co¢.3Nig 50>
Li[Nig.sMng 5]; -C0,0,
(x=0.05,0.1,0.15,0.2,0.33)

LiNig 5-,Mng 5-,C02,0,
(0=x<0.1)

LiNi,Co,Mn, _,,0,
LiNig 45Coo,1Mng 450,

LiNi,Co;-»Mn,0,
(1/3=x<1/2)

Lij 0sNig.35C00.25Mng 40>

LiNig 6C0g.4-xMn,O,
(£=0.15,0.2,0.25)
LiNi; sMn; 5C03/40,

Li; 5Nig 6C09.2Mng 205 + 5

Li;MnOj; can be observed when 2y>0.6 in LiNig5-,Cog.5-,M,,0, and 2y<0.2
in LiCog 5-,Mng 5-,Niy, 0. The Ni-rich materials encounter a volatilization of
lithium. LiNi;;3Mn;;3Co,,30, is found to possess the maximal capacity and
retention. The rate capability is strongly related to the cation mixing. For
LiNig 5-,Mng s5-,C05,0,, compositions with 0.33<2y<0.5 exhibit high capacities
(>170 mAh g ! at 3.0-4.5 V and C/5 rate) and good cycleability (>90% retention
in 50 cycles)

Discharge capacity of 180 mAh g ' (2.5-4.3 V) and 155 mAh g ' when the
current density is 0.1 mA cm 2 and 2.0 mA cm >

LiNig »5C00.sMng 250, and LiNig 375C00 25Mng 3750, exhibited good cycleability
even at 4.8 V and their capacity is over 160 mAh g
between 3.0-4.2 V

Initial specific discharge capacity is about 170 mAh g ! (2.8-4.3 V,

0.2 C rate) and remains over 150 mAh g™' and 135 mAh g' after
50 cycles and 120 cycles at 0.4 °C rate

The initial capacity is 162.99 mAh g ', and the retention is 84.17% after
10 cycles

The initial capacity is over 140 mAh g '(2.8-4.3 V), and nearly no
degradation within 40 cycles

The products are spherical, and reached maximal performance when the
annealing temperature is 800 °C

The reversible capacity after 30 is 200 mAh g™' cycles (2.5-4.8 V) at
0.1 °C and 170 mAh g ' at 4 °C. Similar materials prepared

LiCog.1Mng »Nij 70, and LiCog,Mng,Nij 60, showed excellent performance
and their initial capacity are over 150 mAh g '

The reversible capacity is 178.6 mAh g ! between 3.0-4.5 V, and the irreversible
capacity loss is 12.9% at initial cycle. The rate capability was strongly
influenced by particle size and specific surface area

The initial capacity are 140-180 mAh g~' and discharge voltage is lower
than that of LiCoO,

The discharge capacity increased with increasing of Co content.
LiNig 4Mng 4Co¢,0, shows capacity of over 175 mAh g7l
(2.8-4.4 V) as well as good cycleability

The prepared materials all showed practicable cycleability and rate performance,
among which LiNig 45sMng 425C0¢.150, exhibited excellent cycleability at high
temperature

Capacity of LiNi;;3Co;3Mn; 30, is 175 mAh g’l after 80 cycles

The initial capacity is about 156 mAh g ' (3.0-4.3 V), and the retention
is 93% after 30 cycles

LiNig 375C00.25Mng 3750, showed the best capacity of 192 mAh gfl, with
good cycleability at 0.1C between 3.0 and 4.5 V, which is better than
LiNi;3Co1,3Mn;,30; due to the increase of the stoichiometry of active site
Ni. The performance of the LiNi,Co;-,Mn,O, electrode drops dramatically
when x>0.4. The cation mixing is found if the cobalt content is less than 0.2

It has a initial discharge capacity of 164 and 187 mAh g' at 2.8-4.5 and
2.8-4.8 V respectively, applicable cycleability, and good rate capability

in the current range 0.1-4.0 °C

The capacity is 165-180 mAh g ' between 3.0-4.3 V, the retention is 90%
after 20 cycles. Mn is helpful to reduce the particle size

The initial capacity of over 217 mAh g’

with coulomb efficiency of 81%,
and the retention is 80% after 20 cycles
The capacity declined little within 50 cycles and decline 7.2% after 100 cycles.

The rate performance and thermal stability are both excellent
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Table 1 (continued)

Researchers Synthesis Composition

Conclusion

Sun et al. [42] Spray-pyrolysis LiNi;;3Co;,3Mn; 30,
Wang X et al.  Ion exchange Liz;3(Niy3-Mny3-,C0,,)0;

[96] (x=0.05)

The initial capacity is 185 mAh g ', and the retention after 50 cycles is
96% at 30 °C and 94% at 55 °C, respectively

Its capacity is 188 mAh g ' (2.5-4.6 V) and the coulomb efficiency was
97.5% per cycle within 30 cycles

well as the composition and morphology of the products, is
easily controlled.

LiNi,Co,Mn, O, with different composition needs
various synthesis conditions [77, 80]. Generally, the
contents of Mn and Ni greatly influence the annealing
temperature and the atmosphere, respectively. For example,
LiNi,Co,Mn,; . ,O, materials with high content of Mn
need high annealing temperature to get good crystal
structures [12], and LiNi,Co,Mn,; , ,O, materials with
high content of Ni need an oxygen atmosphere to get better
layer structure. The difference among the formation con-
ditions of Ni, Co, and Mn layered oxide leads to difficulty
in preparing certain combinations in synthesis of Ni, Co,
and Mn layered oxide solid solution.

Prospect

The reported LiNi,CoyMn; , ,0O, materials have been
summarized in Fig. 1. This diagram shows that LiNi,.
Co,Mn,_,,0, with lower Co content (y<0.5) and Mn/
Ni = 1:1 tends to attract more attention. Moreover,
LiNi,CoyMn,_,,O, with Co content lower than 0.3 and
Mn content lower than 0.35 were intensively investigated,
and their capacities were attractive, according to the best
capacity reported and summarized for every composition
shown in Fig. 1. This result demonstrates that the capacity
depends on the composition. For example, all the samples
with capacity higher than 180 mAh g~' were located on the
line Co/Mn = 1:1 and Mn/Ni = 1:1, except LiNiggs.
Cog.25sMng ;0,. LiNi,CoyMn, O, with Mn/Co = 1:1 and
higher Ni content seems to have higher capacity. Besides
this, the present work indicates that pure layered LiNi,.
Co,Mn, . ,0, with low Ni content but Co/Mn = 1:1 and
high Mn content with Co/Ni = 1:1 is hard to prepare. This
figure implies that there is still much work to be done to
investigate the LiNi,Co,Mn; O, cathode materials, and
the high capacity and improvable cycleability make this
kind of material attractive.

In addition, the capacity of LiNi,Co,Mn;_, ,0, was
strongly dependent on its preparation method. For example,
the capacity of LiNig 375C0g25Mng 3750, prepared by solid
reaction of coprecipitated triple hydroxide with LiOH at
900 °C in air for 12 h is only 154 mAh g ™' [58], while the

capacity of LiNig375C0925Mng 3750, prepared by thermal
decomposition of triple citric acid chelate complex at 900 °C
for 12 h under oxygen flowing condition is 192 mAh g~' [61].
Consequently, optimizing preparation method is a key work
to produce LiNi,Co,Mn,_,,0, with excellent performances.

Many researchers have reported the first specific discharge
capacity of LiNi,CoMn; , ,0, of over 180 mAh g !, as
well as good cycling stability in 30 or 50 cycles when
charged to 4.6 V (vs Li). However, few people have discussed
the cycleability in more cycles because of the appearance of
Li-branch on the surface of Li anode after many cycles.

Our lab explored the preparation of LiNi,Co,Mn; _, 0,
with the composition as shown in Fig. 2. The data labeled
on the left of some compositions are their charging
capacities. Compared with Fig. 1, this figure shows clearly
that LiNi,Co,Mn; . ,0, with Co/Mn=1:1 exhibits the
highest capacity when x is kept constant. The capacity
enhances when x increases. In addition, the efficiency for
the first cycle of all the samples is 80% to 87%. It is
affected by x greatly and generally increases when x
decreases. Besides this, the highest data are usually
possessed by samples with Co/Mn=1:1 when x is kept
constant. It is worth mentioning that, though all the samples
show attractive capacity, the cycleability still needs further
improvements.

{ ]
157 @ 120 @
171 @ 167@
164@172@ " @
163@ 167@ 189@
157@ 164@ 186@ 201@

00 01 02 03 04 05 06 07 08 09 1.0
Ni content

Fig. 2 LiNi,Co,Mn,_,,0, explored by our lab

@ Springer



1162

J Solid State Electrochem (2009) 13:1157-1164

So far as we know, LiNi;;3Co;,3Mn;30, and LiNig ¢
Cop,Mng,0, are promising cathode materials for Li-ion
batteries for electric vehicles since they show excellent
performances, such as high capacity, good cycleability, high
rate capability, high thermal stability, and high temperature
performance.

Besides doping cations [97-101], substitution of O*~
with other anions may also improve the performance of
LiNi,Co,Mn,;_,,O, [102]. The initial capacity of the
LiNip gCog 1Mng 101 96F¢.04 was 190 mAh gf1 and showed
only 3% capacity loss after 50 cycles [103, 104]. F-
substitution protected the electrode from HF attack and
prevented formation of impedance-raising surface phases,
so it improved the cycleability of LiNijgCogMng ;0,.

In addition, coatings and composite were proven to be
effective to enhance the performance of LiNi,Co,Mn;_, ,0,
[66, 105, 106]. Dahn et al. found that Al,O5 covering improved
the rate performance of LiNi,Co;_, Mn,O, effectively and a
little B,Os was helpful to enhance the tap density [107, 108].
Jang [109] improved the performance of LiNij;sCo;3Mn; 30,
at high temperature by AIl(OH); covering. Li et al. [110]
revealed that TiO, coating is remarkably effective at improving
the cycling performance of LiNi;;3Co;5Mn;;50,, ie., the
capacity retention of samples at 2.5-4.3 V after 50 cycles is
enhanced to 99.5% with coating amount of 2.0 mol%.

In spite of numerous valuable works, the application of
LiNi,Co,Mn, ., 0, still needs further investigations, such
as to explore the synthesis method with lower temperature;
to optimize the composition; and to improve the perfor-
mance of LiNi,Co,Mn, . ,0O, by doping, compositing, or
coating. For example, as with most potential cathode
materials, LiNi;;3Co;,3Mn;;30, faces problems as follows:
(1) the initial irreversible capacity caused by cation mixing
needs to be reduced, (2) the thermodynamic stability of the
chemically delithiated materials need to be enhanced to
avoid oxygen releasing and phase transformation, and (3)
its discharge voltage is lower than that of LiCoO,.
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