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Effect of Cr doping on structure of LiMnQO,®
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Abstract: The monoclinic and orthorhombic ordered-rocksalt polymorphs of LiMnO; are of interest as highr capacity
cathode materials for rechargeable Li batteries. LiMnO, and LiMn;_ ,Cr, O, were prepared by a high temperature solid

state route. In comparison with undoping Cr orthorhombic LiMnO,, monoclinic LiMnO; was preserved with Cr doping.

The volume of m-LiMnO; decreasing with increasing Cr confirms that the length of bond around Cr ion decreases with Mn

substituted by Cr ion. A phase transformation mechanism was proposed for understanding the structure relationship be

tween the LiMnO; and chromium-substituted LiM nO, oxides.
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1 INTRODUCTION

The layered LiCoO, compound has been success-
fully commercialized because of its high energy densi-
ty and its excellent stability with respect to extended
electrochemical cycling. However, from the economic
and environmental point of view, cheaper, lesser tox-
ic and safer intercalation materials than LiCoO, com-
pound are required. LiMnO, compounds are of interest as
intercalation cathodes for rechargeable Li batteries due to
their high theoretical capacity (285 mAh/g), low cost
and nontoxicity.

Orthorhombic LiMnO;( o-LiMnO,, of space
group Pmnm) has an ordered-rocksalt structure in
which LiOg and M nOg octahedra are each arranged in
corrugated layers. Monoclinic LiMnOz( m-LiMnO,,
space group C2/m) has the cation ordering of o
NaFeO; structure type, in which the Li ions are lo-
cated in the octahedral sites between MnOg sheets
(Fig. 1). In both polymorphs of LiMnO,, the oxy-
gen array is distorted from ideal cubic close packing
by the cooperative Jahn-Teller distortion due to high-
) Tt has been shown that the
monoclinic structure can be stabilized by AFdoping

under certain conditions where neither of the end
[3]

spin Mn>* ( t%ge

member is stable in that structure'™. A recent study
on layered LiMn;_ ,~Co,O2 oxides reported that the
partial substitution of manganese with cobalt induces
a structural modification from monoclinic to rhombo-
hedrall*'.  Although LiMnO, doping Cr have been
studied”™ | to our knowledge the structure relation-
ship between the LiMnO, and chromium-substituted
L+ MnO; oxides has not been reported. In this work,
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Fig. 1 Structure of m-LiMnO; and o-LiMnO,

the LiMnO, and chromium-substituted LiMnO, ox-
ides are prepared and their structure property is char
acterized by using X-ray diffraction. The structure re-
lationship between LiMnO; and chromium-substituted
LiMnO; oxides was studied and a phase transforma-
tion mechanism between m-LiMnO, and o-LiMnO,
was proposed.

2 EXPERIMENTAL

The synthesis of the LiMnO; and chromium-sub-
stituted LiMnO, oxides was performed by mixing
M n;03( prepared by thermolysis of MnO; in air at 800
C), LiCO3(as received commercial product) and
Cr203. The intimately ground pow der was heat treat-
ed in tube furnaces in a flow of N, gas. They were
first calcined at 650 C for 5 h for mixtures and then
fired at 1 000 C for further 20 h.

The calcined powders were characterized by X-

ray diffraction using a Rigaku diffractometer( D/
max2000) with Cu Kq radiation.

3 RESULTS AND DISCUSSION
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The X-ray powder diffraction pattern of the
LiMnO; samples is shown in Fig. 2. All peaks are in-
dexed with an orthorhombic phase. The stoichiomet-
ric, orthorhombic LiMnO, compound present a Pm-
nm space group, with Z= 2, Mn and Li being in the
2a special position with an octahedral harmonization
of oxygen atoms. The parameters of the unit cell
were refined as a= 2.807 3 U, b= 4.5775 Uand ¢
=5.752 6 U, the volume of the LiMnO, compound
is 73.931 2 U. The parameters of the unit cell are
consistent with those obtained by Hoppe et all'l.
Broadened peaks (011), (111) and (012) were ob-
served, which could be caused by stacking faults in

[8]
crystal structure' ™ .
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Fig.2 X-ray diffraction pattern for LiMnO,

with orthorhombic structure

Fig. 3 shows the XRD pattern of LiMnO; pow-
ders with different Cr contents. The peaks for the
layered LiMn;- . Cry Oz phases correspond to the
monoclinic( space group C2/ m) crystal structure de-
scribed by previous authors for layered LiMnO; ob-
tained by soft chemistry!®?. In general, layered
LiMnO; cannot be synthesized using the conventional
solid-state reaction, the doping Cr solid state solution
series LiMnO, prepared at moderately high tempera
tures has shown that they have the same structure as
the monoclinic layered form of LiMnO; using Rietveld
refinement of X-ray and neutron powder diffraction
datal 7. It should be noted that the XRD pattern of
m-LiMnO, is very similar to that of tetragonal
LizM n,04 spinel. The monoclinic LiMnO, exhibits
(202) and (020) peaks, the latter with higher inten-
sity. Tetragonal LixMnyO4 has (400) and ( 323)
peaks, the former with higher intensity!'”. The
main peaks for layered phase are labeled with their
( hkl) indices. Positions for peaks characteristic of
m-LiMnO; phase are indicated. With increasing Cr,
the peak intensity of 0-LiMnO; phase decreases. Unit
cell parameters for the monoclinic layered LiMn;_ ,
Cr, O; are listed in Table 1. With increasing Cr, m-
LiM nO; phase shows contracted crystal lattices along

a and c¢ axis, which is consisted with the small ion
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Fig. 3 X-ray diffraction patterns for
LiMnO; with different Cr contents

Table 1 Unite cell parameters for
LiMn;_ , Cr, O, materials

Alloy U U oU B () v

LiMng.9Crg. 102 5.437 8 2.812 55.382 5 115.82 74.101
LiMng.8Crg.202 5.429 2 2.810 2 5.357 9 115.76 73.623

LiMng.7Cro.302 5.423 42.812 7 5.349 4 115.75 73.499

radius of Cr (rffnz 0. 64 U and ret = 0. 62 U)
With increasing substitution Cr, the broadening of
diffraction peaks increase. The broadening of diffrac
tion peaks confirms that present lattice distortion is
associated with Cr substitution of Mn ion.

As the structure of undoping Cr is 0-LiMnO2,
the structure of doping Cr is m-LiMnO», it is there
fore clear that the stabilization of m-LiMnO; phase is
due to the substituted Mn ion by Cr. As high-tem-
perature solid-state reaction always produces o-LiM-
n0,, m-LiMnO; is generally considered to be unsta-

ble compared with o-LiMnO,''"". The m-LiMnO,
transforms to o0-LiMnO> upon annealing at 150
ol
phase.

Fig. 4 represents the projection along b axis of
the m-LiMnO; and a axis of the o-LiMnO,. It is be-
lieved that there were two phase transformation prob-
abilities from m-LiMnO; to o-LiMnO>. The first
phase transformation probabilities was defined as uni-

indicating metastability of the monoclinic

fication phase transformation. The first line of m-Lt
MnO; shown in Fig. 4 was fixed. The second and
third line of m-LiMnO; as a whole slide Fa+ c)/2
on (101) in comparison with the first line. The
fourth and fifth lines as a whole slide *(a+ ¢) on
(101) in comparison with the first line (Fig. 4). The
slide direction is the same for the unification phase
transformation. The second phase transformation
probability was defined as individual phase transfor
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mation. The first line of m-LrMnO, was fixed. The
second and third lines as a whole slide F(a+ c)/2
on (101) in comparison with the first line. The
fourth and fifth lines as a whole fixed( Fig. 5). Of
course, the LiMnO; needs some atom position adjust
in order to obtain lower energy after transformation

from m-LiMnO,.

Fig. 4 First phase transformation probability
defined as unification phase transformation

........

o |
12345 5 )
== Ol O}
?5 oE 00 ofm 3
00 G671 Ot Qe
010 ol O ©! 0000
0oQis O P 0P 0RO
2952 SL8oe
o Jio O 10
i oo o! c OO
a ¢ o) o O 1 Co)
>/ ’G* : o:g b et
b L /
H

Fig. 5 Second phase transformation probability
defined as individual phase transformation

On the basis of the experimental observation, we
would like to suggest the following process. When
mixtures calcined in a flow of N, gas, the mixture
first forms m-LiMnO;. In comparison with m-LiM-
m-LiMnO»
would transform o-LiMnO; through individual phase

n0jz, o0-LiMnO; is more stable, so,

transformation, unification phase transformation or
both of them. There is some m-LiMnO; that do not
transform to 0-LiMnO; in certain condition and exist
as stacking fault. The stacking fault image is revealed
by TEM using dark field technique! "'

When doping Cr mixtures calcined in a flow of
N, gas, the mixture first forms m-LiMnO>. The vol-
ume of m-LiMnO; decreasing with increasing Cr con-
firms that the length of bond around Cr ion decreases
with Mn substituted by Cr ion. There are two rea
sons for the shorter bond length. One is that the ion
radius of Cr is smaller than Mn ion. The other one is

the higher bond strength of Cr —O than that of Mn —

0. From the extended X-ray absorption fine structure
analyses at the Mn K-edge show that the substitution
of Mn by Cr also gives rise to a shortening of the
Mn —O bonds' ™. Tt is clear that substitution of Mn by
Cr increases the sliding resistance on (101) of m-LiMnO,
and the resistance prevents slide on ( 101) of m-LiMnO,.
So, the Cr doping m-LiMnO, preserved though o-LiM-
n0; was more stable than m-LiMnO; in thermodynamics.

With increasing Cr content, the transformation content
from m-LiMnO; to o-LiMnO, decreases due to the in-
crease of resistance.

REFERENCES

[1] Hoppe R, Brachtel G, Jansen M. Zeitschrift fiir anor
ganische und allgemeine chemie[ J]. Z Anorg Allg Chem,
1975, 417(1): 1~ 10.

[2] Armstrong A R, Bruce P G. Synthesis of layered LiM-
n0; as an electrode for rechargeable lithium batteries [ J] .
Nature, 1996, 381: 499 ~ 500.

[3] Chiang Y M, Sadoway D R, Jang Y I, et al. High ca
pacity, temperature stable lithium aluminum manganese
oxide cathodes for rechargeable batteries [J]. Elec
trochem SolidState Lett, 1999, 2(3): 107 ~ 110.

[4] Armstrong A R, Gitzendanner R, Robertson A D, et al.
T he intercalation compound LiMng 9Cop. 102 as a positive
electrode for rechargeable lithium batteries [ J], Chem
Commun, 1998, 17(7): 1833 ~ 1834.

[5] Hwang SJ, Park H'S, Choy J H. Effects of chromium sub-
stitution on the chemical bonding nature and electrochemical
performance of layered lithium manganese oxide [J]. J Phys
Chem B, 2000, 104(32): 7612~ 7618.

[6] Dahn]JR, Zheng T, Thomas C L. Structure and electro-
chemistry of LiCry,Mns_ , O4 for 1. 0 <x <1.5 [J1.J
Electrochem Soc, 1998, 145(3): 851~ 859.

[7] Davidson I J, McMillan R S, Slegr H, et al. Electro-
chemistry and structure of Li_ , Cry,Mn;_ , O4 phases
[J]. J Power Source, 1999, 81 ~82: 406 ~ 411.

8] Croguennec L, Deniard P, Brec R, et al. Nature of the
stacking faults in orthorhombic LiMnO, [J]. J Mater
Chem, 1997, 7(3): 511~ 516.

[9] Capitaine F, Gravereau P, Delmas C. A new variety of
LiMnO, with a layered structure [ J]. Solid State Ionics,
1996, 89(3~4): 197 ~ 202.

[10] Jang Y I, Huang B'Y, Chiang Y M, et al. Stabilization

of LiMnO; in & NaFeO; structure tape by LiAlO; addr
tion [ J]. Electrochem Sold State Lett, 1998, 1(1): 13
- 16.

[11] Mackrodt W C, Williamson E A. First-principles
hartree fork description of the electronic structure of
monoclinic C2/m Li,MnO; [J]. Philos Mag B, 1998,
77(4): 1077 ~ 1092.

[12] ShaocHorn Y, Hackney S A, Armstrong A R, et al.
Structural characterization of layered LiMnO; electrodes
by electron diffraction and lattice imaging [J]. ] Elec
trochem Soc, 1999, 146(7): 2404 ~2412.

[13] Sakurai T, Kimura T, Sugihara T. Improved cycle per-
formance of orthorhombic LiMng 9s5- (M, Crg 95s02; M=
Al, Ga, Yb and In, synthesized by hydrothermal tech-
nique [ J]. J Power Source, 2001, 97 =~ 98: 366 ~ 370.

( Edited by HUANG Jimr song)



