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Abstract

A new phase diagram of AB(CB) system, where A, B, C, and D representMnO;, LIMO, (M=Co, Al, Cr, etc.), LiIMnQ, and
LiM'O, (M'=Ni, Cu, Fe, etc.), respectively, was developed to express all compositions of solid solutions with layered manganese oxides.
The phase diagram satisfied the theoretical manganese oxidation state of +4 over the whole triangle plane of the diagram and was expresse
with a new design equation of Li[MLi1/3Mn2/3)_‘.(M’1/2Mnl/z)lixiv]oz. Solid solutions whose compositions were randomly chosen from
the phase diagram were experimentally prepared using a direct synthetic method and were subjected to the examination of the structural and
electrochemical properties. All the synthesized solid solutions had layered structure with maintaining +4 and showed one-step monotonous
discharge curve shape without structural transformation during charge/discharge processes.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction to express solid solutions of LiMn@LiNiO,-LiIM'O,
system (M=Mg, Co, Al, Ti). Park et al[6] expressed the
Solid solutions with layered manganese oxides have solid solutions of LiMnOs, LiNiO, and LiAIO, with a
been proposed as a promising cathode material for lithium design equation of Li[lg.15NixAl g 05-2xMng.34x]O2. It was
secondary batteries because of their stable structure and goodxperimentally observed that the solid solutions synthesized
electrochemical propertigd—7]. Various design equations using the above design equations had a layered structure
have been proposed to synthesize the solid solutions. Numatavith Mn** and showed good electrochemical behavior.
et al.[1] synthesized solid solutions of LiCeOLi,MnO3 A two-dimensional phase diagram might be a conve-
system and expressed them with a design equation ofnient tool to visually and clearly show compositions of
Li(Co1—xLixaMnoy3)O2 (0<x<1). Lu et al. proposed solid solutions discussed above. Ammundsen ef7ilre-
the design equations of Li[NLi(1/3-2v3)MN(2/3-x3)|O02 viewed the research trends of layer structured manganese
[2] and Li[NixCo—oxMny]O2 [3] to express solid so- oxides and showed all of them implicatively on two tri-
lutions of LiMnOz-LiNiO, system and those of angle phase diagrams of LiMROLiNiO,-Lio,MnO3 and
LiNiO »—LiCo0O,—LiMnO; system, respectively. Sun etf] LiMnO2—LiCrO2—LioMnO3 systems. They forecasted some

also developed a design equation of LijNixMn;_x_y]O2 promising compositions of the solid solution from the phase
for solid solutions of LiNiQ and LbMnOs. Kang et al.  diagrams. However, the design equations discussed above
[5] designed a equation of Li(M&_Nigs—xM5,)O paragraph cannot be all expressed on the phase diagrams.

In this work, four triangle phase diagrams were first pro-
* Corresponding author. Tel.: +82 63 270 2311; fax: +82 63 270 2306.  Posed and then examined to find out the composition regions,
E-mail addressnahmks@chonbuk.ac.kr (K.S. Nahm). which maintain the theoretical manganese oxidation state of
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Li,MnO;,

Fig. 1. Triangle phase diagrams of (a) 2MnO3-LiCoO,—LiMnO,, (b)

K.S. Park et al. / Journal of Power Sources 146 (2005) 281-286

Li,MnO,

LiCoO,

LiNiO,
)

LioMnO3-LiMnO,—LiNiO2, (c) LioMnO3-LiNiO>-LiCoO,, and (d)

LiCoO,-LiNiO2>-LiMnO, system. The bold lines on the diagrams present the region where the manganese oxidation state is +4.

+4. On the basis of these analyses, we developed a new phasef LiNiO, can be replaced with LiFeQor LiCuO,, while

diagram, which can concisely express all compositions of
solid solutions reported up to now. Four compositions of the
solid solution randomly chosen from the new phase diagram

that of LiCoG with LiCrO; or LIAIO 2. Each system will be
individually examined in the follows.

were experimentally synthesized using a direct method and2.1. LbMnO3-LiCoO,~-LiMnO;, system

were subjected to the examination of structural and electro-
chemical properties to examine the reliability of our devel-
oped phase diagram.

2. Two dimensional phase diagrams of solid solutions

A detailed examination of design equations and com-
positions of the solid solutions previously reported re-
veals that they are formulated based opMmn O3, LiC0oOg,
LiMnO» and LiNiO, compounds. These four compounds
can form the following four triangle planes with differ-
ent compositions; (1) kMNOs—LiCoO,—-LiMnO>, (2) Lio-
MnO3-LiMnO2—LiNiO2, (3) LioMnO3-LiNiO2—LiCoOy,
and (4) LiCoQ-LiNiO>—LiMnO; systems. Here, Ni, Co and
Crin transition metal site (3a) generally hold oxidation states
of +2, +3 and +3, respectively, while synthesizing solid solu-
tions of manganese oxides in Ei3]. Therefore, the position

Fig. 1(a) is a triangle phase diagram of the system
LioMnO3-LiCoO,—-LiMNnO». The theoretical oxidation state
of manganese was calculated for each composition within
the phase diagram. In the calculation, we utilized the rules
proposed by Lu et al8]. The first rule is that the sum of
metal cations occupying on the 3a sites of space gRGm
(16 6) in the transition metal layers is to be one. The second
rule is that the sum of the products of the composition and
oxidation state of each metal cation in the transition metal
layers must be three. The first rule is the condition to make
the stoichiometry to be one and the second rule the condi-
tion to make the manganese oxidation state to be +4. Thus
prepared solid solutions were all synthesized with layered
structure and showed a monotonous discharge curve shape
with one step. The manganese oxidation state was +4 over the
whole compositions of solid solutions on a bold line between
LioMnO3 and LiCoQ, but it was gradually reduced with the
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variation of the composition toward LiMngfrom the line.
The compositions of the solid solutions on the bold line be-
tween LhbMnOs and LICoQ can be rewritten as an equation
of Li[Cox(Li1/3sMn2/3)1-x]O2 (0 < x<1). The theoretical ox-
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a monotonous charge-discharge curve shape with good cy-
cleability.

2.3. LpbMnOs—LiNiO2-LiCoO, system

idation states of manganese in the solid solutions expressed

with the equation are always +4. This means that the solid

Fig. 1(c) is a triangle phase diagram of solid solutions

solutions synthesized with the compositions expressed by thein the system of LiMnO3—LiNiO>—LiCoO,. The theoretical

Li[Cox(Li1/3Mn2/3)1-x]O2 (0 < x< 1) equation will maintain

oxidation state of manganese of the solid solutions was cal-

the manganese oxidation state of +4 and will be layered struc-culated within the phase diagram. The manganese oxidation

ture.

Numata et al[1] synthesized layer structured solid solu-
tions with compositions betweendMnOs and LiCoQ us-
ing a design equation of Li(GaxLixy3Mnay3)O2 (x=0, 0.1,

state was +4 over the whole compositions of solid solutions on
a bold line between bkMnOs3 and LiCoQ, which can be ex-
pressed with a design equation of Li[gbi 1/3Mn2/3)1-y]O>,
being same with the equation derived in Seczoh

0.2,0.3,0.5,0.7,0.9, 1). The compositions of the synthesized The major interest of this paper is to find a composition
solid solutions can be presented with points of (1)—(8) on the range where the manganese oxidation state maintains +4 even
bold line of Fig. 1(a). They observed that the oxidation state when the solid solutions having manganese as a main com-
of manganese in the solid solutions maintained +4 and thatponent were calcined under air atmosphere. Many researches
the discharge curve showed a monotonous curve shape withthave been reported for the preparation of the solid solutions
one step. This means that the solid solutions have layeredof LiNiO » and LiCoQ whose compositions lie on the bottom
structure and are not subjected to structural transformation toline of this phase diagram, mainly under oxygen atmosphere

spinel structure during charge and discharge processes.
2.2. LbMnOg—LiMNnO,-LiNiO, system

A triangle phase diagram of solid-state solutions in the
system of LMnOg3, LiIMnO, and LiNiO, is presented in

Fig. 1(b). The theoretical oxidation state of manganese
was calculated for each composition within the phase di-

[10-12] The discussion of this phase diagram on the basis
of previously reported data will be omitted in this paper. To
our knowledge, however, there have been very few literatures
reporting compositions located within the phase diagram.

2.4. LiCoQ-LiNiO2—LiMNnO, system

Shown inFig. 1(d) is a triangle phase diagram of solid-

agram. The manganese oxidation state was +4 over thestate solutionsinthe system of LICeQ.iNiO» and LiMnG,.

whole compositions of solid solutions on a bold line pass-
ing through the center of the phase diagram froaMnOs3

to the center of the line between LiMa@nd LiCoG. But

the oxidation state gradually reduced with the variation of
the composition toward LiMn® from the bold line, but
steadily increased with the variation of the composition to-
ward LiNiO, from the bold line. The compositions of the
solid solutions with MA* lie on the straight line between
LioMnOs3 and LiNi;/2Mn1,205, one to one solid solution of
LiMnO» and LiNiO,. The compositions on the bold line be-
tween LbMnOs and LiNiy2Mny1,202 can be rewritten as an
equation of LifMrxNix(Li1/3Mn2/3)1—2x]O2. The theoretical

The theoretical oxidation state of manganese was calculated
for each position within the phase diagram. The manganese
oxidation state was +4 over the whole compositions of solid
solutions on a bold line passing through the center of the
phase diagram from LiCof3o the center of the line between
LiNiO 2 and LiMnG,. But the oxidation state gradually re-
duced with the variation of the composition toward LiMpnO
from the bold line and steadily increased with the variation of
the composition toward LiNi@from the bold line. The com-
positions of the solid solutions with Mt lie on the straight

line between LiCo®@ and LiNiy;2Mn1,20,, one to one solid
solution of LiMnG, and LiNiO,. The compositions on the

oxidation states of manganese in the solid solutions expressedold line between LiCo@and LiNiz/2Mn1,202 can be rewrit-
with the equation are always +4. This means that the solid ten as an equation of Li[jNMny,Co;_24]O2. The theoretical
solutions synthesized with the compositions expressed by theoxidation states of manganese in the solid solutions expressed

Li[Mn xNix(Li1/3Mn2/3)1-2¢]O2 equation will maintain the

with the equation are always +4. This means that the solid

manganese oxidation state of +4 and will be layered structure.solutions synthesized with the compositions expressed by the

Dahn and co-workerf2] synthesized solid solutions of
LioMnO3 and LiNiO, using their proposed design equation
of Li[NixLi(1/3-2x3)MNn(2/3-x3)]O2 (x=1/2, 5/12 and 1/3).

Li[Ni yMnxCo1_2¢]O2 equation will maintain the manganese
oxidation state of +4 and will be layered structure.
Ohzuku et al. [13] synthesized a solid solu-

The compositions of the solid solutions can be presented attion of LiNi1/3sMn1/3C01/302 using the equation of

points of (1)—(3) on the bold line dfig. 1(b). Shin et al[9]
also prepared the solid solutions of,MnO3 and LiNiO,
with a design equation of Li[ld_2x/3NixMn_x3]02
(x=0.41, 0.35, 0.275 and 0.2), which are all depicted with
points of (4)—(7) on the bold line. The solid solutions were
identified to have layered structure with Rfnand showed

Li[Ni xMnyxCo1_24]O2 (x=1/3). The compositions of the
synthesized solid solution can be presented with a point
of (1) on the bold line ofrig. 1(d). Lu et al.[8] prepared
solid solutions using the equation wher=1/4 and 1/8
in Li[Ni yMnyCo1_24]O2. The compositions of the solid
solutions can be presented with points of (2) and (3) on the
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bold line of Fig. 1(d). They observed layered structure with tion state of the solid solutions would be +4. The new
R3m space group from the solid solution, which showed a phase diagram ofig. 2(b) and the design equation of
monotonous discharge curve shape with one step and had.ifCox(Li1/3sMn23)y(Ni12Mn1/2)1_x—y]O2 can be effectively
good cycleability during charge/discharge processes. utilized to consistently express all compositions of solid so-
lutions so far reported in literaturés-13]
In Fig. 2a), the position of LiNiQ can be replaced with
3. A new phase diagram of solid solutions LiFeOy or LiCuOy, while that of LiCoQ with LiCrO2 or
LiAIO ;> because Niand Co in LiNigand LiCoQ generally
We have discussed four triangle phase diagrams and pro-hold oxidation states of +2, +3 and +3, respectively, in transi-
posed the composition ranges of solid solutions with*Mn  tion metal site (3a) while synthesizing solid solutions of man-
in the phase diagrams. The four triangle phase diagramsganese oxidef2—4]. Therefore Fig. 2(a) can be more gen-
were fabricated to form a tetrahedral phase diagram, aserally expressed by representing the four angular points with
shown in Fig. 2(a). The connection of the straight lines A, B, C, and D. The four alphabet letters represent cathode
in the phase diagrams generates a new triangle phase dimaterials used for Li secondary batteries. A and C represent
agram.Fig. 2(b) is the new phase diagram consisting of Li2MnOs and LiMnGQ;, respectively. B is LIMQ (M= Co,
LiNi 1/5Mn1/205, LiC00,, and LbMnOs. The calculated the-  Al, Cr, etc.) and D LiIMOy(M’=Ni, Cu, Fe, etc.). Then,
oretical manganese oxidation states are all +4 over the wholeFigs. 1(a)—(d), and 2(ajan be represented with the triangle
triangle plane. The compositions located on the phase di-planes of ABC, ADC, ADB, BCD, and ABCD, respectively,
agram can be expressed with a new design equation ofwheread=ig. 2(b) with that of AB(CD);». The compositions
Li[Cox(Li1/aMn2/3)y(Ni12Mny/2)1_x—y]O2. As long as solid ofthe triangle plane of AB(CDQ), can be expressed by the de-
solutions are synthesized with compositions on the tri- sign equation of Li[M(Li13Mn2/3)y(M")1/2Mn1/2)1-x—y]O>.
angle plane of the phase diagram, the manganese oxidaThus developed generalized tetrahedral phase diagram can-
not only represent all compositions of solid solutions previ-
ously reported in literatures, but also predict the solid solu-
tions, which will be newly derived in future.

4. Experimental verification of new phase diagram

In order to identify the reliability of the new phase
diagram and design equation, four solid solutions whose
compositions were randomly chosen from the phase diagram
were synthesized using a direct method and were subjected
to the examination of the structural and electrochemical
properties. They were Li[lajsNi1/10C015MNn12]02 (X=
0.2,y=0.4) (Sample A: (a)), Li[Li/15Niz/20C03/10Mns5/12]O2
(x=0.3, y=0.6) (Sample B: (b)), Li[Li;15Ni1/10C03/5
Mn7/30]02 (x=0.6,y=0.2) (Sample C: (c)), and . Li[kj15
Ni3/10C01/5Mn13/30]Oz (X: 0.2, y= 0.2) (Sample D:
(d)), which were marked onFig. 2b). The Li[Cq
(Li1/aMn23)y(Niz2Mny2)1-x—y]O2 materials were synthe-
sized using a sol-gel method with stoichiometric amounts
of starting materials (lithium acetate (g8OOLIi-2H,0),
nickel acetate ((CECOO)NIi-4H,0), manganese acetate
((CH3COO)LMn-4H,0), cobalt acetate ((C4£O0)Co)).

The synthetic procedure was fully described in our previous
report with the fabrication process of the electrochemical test
cell. The detailed description of the experimental procedure
is elsewher¢14,15]

LVAVAVAVAVAVAVAY \_ Fig. 3 shows the XRD patterns for the synthesized
LiCo0, Li,MnO, Li[Li 1/5Ni1/10C01/sMny/2]O2  Li[Cox(Li13sMnz/3)y(Ni1j2

Mny/2)1-x—y]O2 with Miller indices for each peak. As-

Fig. 2. (a) A tetragonal phase diagram of LiMspeLiCoO,—LiNiO2— prepared LI[CQ(LIl/.3Mn2/3)y(Nll/ZMnl/Z)lfxfy]Oz_ are all
LioMnOs system, fabricated with four triangle phase diagram&igf 1 indexed by assuming a layer manganese oxide structure
(a)—(d). (b) A new triangle phase diagram of Lij}§Mny/,]0,—LiCoO,— based on a hexagona-NaFeQ structure (space group:
LioMnO3 system. R3m, 16 6). The material shows a (00 3) peak@t2A8 as

3 LiMnO,

Li[Ni,,Mn, ;] O,
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(Nig2Mny2)1-x—y]O2 electrodes. The inset dfig. 4is a
plot of charge/discharge capacity versus voltage for the
Li[Li 1/5Ni1/10C01/5Mn1/2]O2 electrode. The electrode pro-
duces monotonous curves with one step. The same curve
shapes were observed from the other samples. This means that
the synthesized Li[QQLi1/3Mn2/3)y(Ni1/2Mn1/2)1_x_y]02
materials show the typical charge/discharge behavior of lay-
ered manganese solid solution oxides. Moreover, no fad-
ing of the discharge capacity of the sample after several
charge/discharge cycles indicates that the solid solution ox-
ides synthesized using the phase diagramis stable in the struc-
(d) ture and do not experience structural transformation during
the cycling. This electrochemical behavior is observed from
© all the synthesized materials though the discharge capaci-
ties are different for each sample. The initial discharge ca-
® pacities of samples A, B, C, and D are 190, 184, 179, and
| h 151 mAh g1, respectively. The capacities become 229, 180,
@ 169, 170mAhg? after 40th cycle. The discharge capaci-
o o o w0 ties of the samples except sample (b) gradually increase with
cycle number to be saturated after certain cycle, with negli-
gible capacity fading. The capacity fades of the samples are
Fig. 3. XRD patterns for Samples (a)—(d). 0.03, 0.07, 0.14, and 0%/cycle. This experimental examina-
tion demonstrates that the new phase diagram and the design
a main peak, although the superlattice peaks, resulting fromequation can be used to prepare solid solutions of lithium
the short-range ordering of Li, Ni, Co, and Mn atoms in manganese oxides with a stable layered structure.
the transition metal layers, appear 8=22° as a impurity
peak[16]. The 104,101,006,012,018,and 110 planes
observed at 2=45, 37, 38, 38.5, 54.5, and 65.5 peaks, re- 5. Conclusions
spectively, also clearly present the characteristic XRD peaks
of the hexagonal structure. This structural characterization A new phase diagram with its design equation, which can
clearly demonstrates that the manganese solid solutionexpress all of the solid solutions appeared in previous re-
oxides designed using our theoretically developed phaseports, was developed in this work. To examine the reliability
diagram is synthesized with typical layered structure. of our developed phase diagram, four compositions of solid
Fig. 4 shows the discharge capacities measured at roomsolutions were randomly chosen from the phase diagram and
temperature as a function of cycle number for the fabri- synthesized using a direct method. All the synthesized solid
cated Li/LiPRR—EC/DMC (1:2 by vol.)/Li[Cq(Li1/3Mn2/3)y solution oxides had layered structure with maintaining +4 and
showed monotonous discharge curve shape without transfor-
mation to spinel structure during cycling. The phase diagram
and the design equation were further generalized. Thus de-
veloped generalized phase diagram cannot only represent all
the solid solutions previously reported in literatures, but also
predict the solid solutions, which will be newly derived in
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