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Formation and Structural Properties of Layered LiMnO2
Cathode Materials
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R. Steiner,a and P. J. Pickeringa

aPacific Lithium Limited, Auckland, New Zealand
bThe University of Auckland, Auckland, New Zealand

LiAlxMn12xO2 and LiCrxMn12xO2 compounds (x # 0.10) with an a-NaFeO2 layer-type crystal structure have been prepared by a
high temperature solid-state route. The compounds are well ordered with Al or Cr sharing the Mn sites and no detectable cation
mixing between Mn and Li layers. Both Al- and Cr-substituted materials cycled between 4.4 and 2.0 V in Li cells at 558C show
high stability of capacity. However the Al-substituted materials undergo a structural transformation to a spinel-type phase, accom-
panied by evolution of the discharge voltage curve to a two-plateau profile. Materials modified with small amounts of Cr show a
different evolution of the discharge voltage. X-ray diffraction data for cycled LiCrxMn12xO2 cathodes show that these compounds
do not undergo significant transformation to spinel on cycling, but retain a hexagonal structure established on first charge.
© 2000 The Electrochemical Society. S0013-4651(00)03-008-1. All rights reserved.
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LiMnO2 with the a-NaFeO2 layer-type crystal structure (simila
layer-type LiCoO2 and LiNiO2) is an attractive alternative to spi
type lithium manganese oxides as a cathode active material in lithi
ion batteries. The LiMnO2 stoichiometry offers a lithium source tw
that of spinel compounds on charge and has a theoretical disch
capacity of 285 mAh/g based on a Mn31/Mn41 couple.

Under equilibrium conditions, pure LiMnO2 crystallizes in
orthorhombic structure (space group Pmmn). The reasons for
crystallization of LiMnO2 in this structure, rather than in the lay
a-NaFeO2 rock-salt structure adopted by LiCoO2 and LiNiO2, h
been discussed by Ceder and Mishra.1 Layered a-NaFeO2-
LiMnO2 has been successfully prepared by soft chemistry method
however, the compounds so prepared seem to be metastable with
spect to orthorhombic and spinel-type phases.5 Spinel phase nucle
in the material on first charge (delithiation), and transformatio
spinel is usually complete within a few charge-discharge cycles.5

LiMnO2 may be stabilized in the layer structure by a numbe
possible substituent elements, if appropriate synthetic routes can
developed.1 Preparation of layered a-NaFeO2-type LiMnO2 at h
temperature (>9508C) has been reported by substituting a small f
tion (as little as 5%) of the Mn with Al 6 and with Cr.7,8 Th
LiMxMn12xO2 materials with M 5 Al or Cr form under reac
conditions which produce orthorhombic o-LiMnO2 in the absenc
the structure modifier. It may be expected that substitution could 
stabilize the layer structure against transformation to a spinel-
structure when employed as the cathode active material in a lith
cell. However, both LiAlxMn12xO2

9 and LiCrxMn12xO2
7,8 h

been reported to transform to spinel on cycling, except for mater
with high levels of Cr (>50%).

We have recently developed a high temperature solid-state s
thesis for LiAlxMn12xO2 which allows well-ordered layered ph
to be obtained that have electrochemical properties equivalen
those shown by materials previously prepared by a coprecipitat
freeze-drying route.10 In this paper, we compare structural and e
trochemical data for LiAlxMn12xO2 and LiCrxMn12xO2 mater
prepared by the same solid-state route. Contrary to expectat
from previous reports, here materials modified by Cr show diffe
cycling characteristics than materials containing Al.

Experimental
LiMxMn12xO2 (0.03 # x # 0.10) materials with M 5 Al o

were prepared by reacting stoichiometric amounts of MnO2 (99
purity), Li2CO3 (99.9% purity), and Al2O3 (99.9%) or Cr
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(99.0%) at 1000 to 10508C under flowing nitrogen. Powders wer
mixed and ground before reaction using a vibratory rod mill. A
samples were prepared in a single heating cycle, using reaction time
of 5-10 h, and cooled slowly to ambient temperature.

X-ray diffraction (XRD) data were recorded on a Philips 1729 dif
fractometer using Co Ka radiation and analyzed using the Rietvel
refinement program FULLPROF.11 XRD data for cycled cathode
were recorded ex situ on the cathode films stripped from the alu
minum backing and mounted on a silicon sample holder using dou
ble-sided tape.

X-ray absorption spectra were recorded at the Cr and Mn K-edge
in transmission mode on the EXAFS 13 spectrometer at the Frenc
synchrotron facility DCI at the Laboratoire pour l’Utilisation de Ray
onnement ElectroMagnétique (LURE). Samples were diluted i
boron nitride powder, prepared as Nujol mulls pressed between th
parafilm windows of steel holders, and maintained at 77 K in a col
finger cryostat. Analyses of the extended X-ray absorption fine struc
ture (EXAFS) to determine nearest M-O and M-M distances, wher
M is Cr or Mn, were carried out using the programs of Michalowicz1

as described in previous work.13

For electrochemical evaluation, samples were tested in 2032 but
ton cells. Cathodes comprised the LiMxMn12xO2 powder 1 carbo
black 1 poly(vinylidene fluoride) in 80:12:8 weight ratio coated o
an aluminum foil current collector. Cells contained lithium metal a
the anode, a glass-fiber separator, and 1 M LiPF6 in (50 wt % ethyl
ene carbonate 1 50 wt % dimethylene carbonate) electrolytic solu
tion. The cells were assembled under a dry (<1 ppm H2O) argo
atmosphere. Charge-discharge studies were performed between 4.
and 2.0 V with an Arbin series BT2043 automated battery cycler.

Results and Discussion

Crystal structure.—Figure 1 shows XRD data for LiAlxMn12xO
and LiCrxMn12xO2 materials prepared at various levels of substitu
tion up to x 5 0.10. The main peaks for layered (monoclinic) phas
are labeled with their hkl indices. Positions for peaks characteristi
of orthorhombic o-LiMnO2 phase are indicated.

For Cr substitution, x 5 0.03 was sufficient to obtain >90% lay
ered phase, and at x 5 0.05 and x 5 0.10, the materials were phase
pure layered LiCrxMn12xO2. For Al substitution, x 5 0.05 was th
minimum amount of Al for which >90% layered phase could b
obtained. The remaining peaks in the diffraction pattern correspon
to o-LiMnO2. Even at x 5 0.10, some orthorhombic phase persiste
in the LiAlxMn12xO2 samples. 

The peaks for the layered LiMxMn12xO2 phases correspond t
the monoclinic (space group C2/m) crystal structure described b
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previous authors for layered LiMnO2 compounds obtained by
chemistry.2,3 However, for the monoclinic LiMnO2 phases obta
by soft chemistry, cation disorder corresponding to the presenc
some spinel-related phase has been reported.5 Rietveld analyse
the XRD data for the LiAlxMn12xO2 and LiCrxMn12xO2 compo
described here show that the structures are well ordered with no
dence for Mn, Al, or Cr in the Li layer sites. A typical Rietveld 
shown in Fig. 2 for LiCr0.05Mn0.95O2.

Unit cell parameters for the monoclinic layered LiMxMn12
phases are reported in Table I, compared with literature data for 
substituted LiMnO2 prepared by ion exchange from NaMnO2.2

LiAlxMn12xO2 and LiCrxMn12xO2 compounds show contra
crystal lattices by comparison with nonsubstituted m-LiMnO2 m
rials. In the ab plane, the contraction is more significant along t
axis than the b axis. The extent of monoclinic distortion is refle
in the magnitude of the a/b ratio and is related to the average de
of distortion of the octahedron of oxygen ions around the cation
the Mn layer. Therefore a greater contraction along the a axis is 
sistent with substitution at the Mn sites by trivalent Al or Cr, w
typically have highly regular octahedral coordination compared 
the elongated [Mn31O6] octahedra. The lattice contraction is gre

Figure 1. XRD patterns of LiAlxMn12xO2 and LiCrxMn12xO2 materials
[0 0 1] peaks at ca. 218 2u have been cut at 50% intensity for conve
viewing of other peaks.

Figure 2. Rietveld fit (solid line) to the XRD data (points)
LiCr0.05Mn0.95O2, in space group C2/m: Li at (0, 0.5, 0.5), Mn/Cr at (0,
O at (0.273, 0, 0.773), all at full site occupancy (unit cell paramete
Table I). The [0 0 1] peak at ca. 218 2u has been cut at 50% intensity for
venient viewing of other peaks.
ical Society, 147 (11) 4078-4082 (2000) 4079
CC: $7.00  © The Electrochemical Society, Inc.
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at x 5 0.05 for Al than for Cr, consistent with the smaller ioni
radius of Al (0.54 Å for Al31 compared with 0.62 Å for Cr31). How
ever, at x 5 0.10, the compound with Cr has smaller lattice parame
ters. The relatively small decrease in lattice parameters going from
x 5 0.05 to x 5 0.10 for Al suggests that very little additional Al wa
dissolved in the LiMnO2 lattice at x 5 0.10. Chiang et al. hav
reported only limited solubility for Al in LiMnO2.6 For of Cr, solid
solution has been reported for 0.05 # x < 1 in LiCrxMn12xO2.8

With increasing substitution by Al or Cr, the XRD data for th
monoclinic phases show the greatest shift, and also increased broad
ening, in the [2 0 2l] diffraction peaks relative to other peaks in th
diffraction pattern. Figure 3 shows an enlarged view of the region o
the XRD patterns containing the [2 0 21] and [2 0 22] peaks for th
5 and 10% substituted materials. The broadening effect is particu
larly observable for the [2 0 22] peak at 468 2u. The [2 0 2] plane
are directly perpendicular to the long axial bonds of the Jahn-Telle
distorted [Mn31O6] octahedra, and the spacing of these planes (ca
2.30 Å) corresponds to the length of these long axial Mn-O bonds
Typical Al31-O and Cr31-O bond lengths in octahedral coordination
are ca. 1.92 and 2.00 Å, respectively. The substitution of Mn31 by
these species therefore results in disorder perpendicular to th
[2 0 22] planes as oxygen ions relax up to 0.4 Å out of the plan
toward the substituent ions. Atomic displacements are less signifi
cant along other crystal vectors because the four equatorial Mn31-O
bond lengths (typically 1.90-1.95 Å) are closer to the lengths of th
Al31-O or Cr31-O bonds. The broadening of the [2 0 2l] diffraction
peaks not only confirms the presence of the substituent ions in th
Mn sites of monoclinic LiMnO2, but also provides further evidenc

. The
nient

Table I. Unit cell parameters (Å) for LiAlxMn12xO2 and
LiCrxMn12xO2 materials.

a b c b

LiAl0.05Mn0.95O2 5.419(2) 2.802(1) 5.381(2) 115.89(2)8
LiAl0.10Mn0.90O2 5.416(1) 2.804(1) 5.382(2) 115.91(2)8
LiCr0.03Mn0.97O2 5.438(2) 2.808(1) 5.386(2) 115.98(2)8
LiCr0.05Mn0.95O2 5.431(1) 2.807(1) 5.385(2) 115.98(2)8
LiCr0.10Mn0.90O2 5.405(2) 2.815(2) 5.375(2) 115.61(2)8
LiMnO2 (Ref. 2) 5.439(3) 2.809(2) 5.395(4) 115.9(4)80

 for
0, 0),
rs in
 con-

Figure 3. Enlargement of the region from 36 to 528 2u of the XRD pattern
for the 5 and 10% substituted monoclinic phases, showing the broadening o
the [2 0 2l] peaks with increasing substitution.
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of a more regular local coordination symmetry around the su
stituent species than around Mn31.

These differences in local coordination symmetry have be
more specifically probed by X-ray absorption spectroscopy. Four
transformations of the EXAFS spectra recorded at the Cr and Mn 
edges for LiCr0.10Mn0.90O2 are shown in Fig. 4. The Fourier tran
formed data provide a pseudoradial distribution of the atomic ord
ing around the absorbing element (however, the peaks are shifted c
0.3 Å to lower values relative to the true interatomic distances, d
to uncorrected phase shifts). Qualitatively, the Fourier transform
tions show that the coordination around Mn and Cr is identical b
yond 4 Å, consistent with the elements occupying the same cryst
lographic site in the compound. The peaks at distances less than 4
correspond to the first coordination shell of oxygen and the io
occupying the six nearest-neighboring octahedral sites in the tran
tion metal layer. These peaks show some differences between the 
and Mn coordination in the compound. Interatomic distances calc
lated for these coordination shells from the EXAFS spectrum a
given in Table II. The values for Mn-O and Mn-M (M 5 Mn or C
show the Jahn-Teller effect on the octahedral coordination arou
the Mn31 ions and are consistent with the monoclinic crystal stru
ture determined by XRD. The oxygen coordination around Cr io
is highly regular with six equal Cr-O distances, confirming the co
clusions from the peak broadening in the XRD discussed above. T
six neighboring M ions are also more closely distributed in the loc
structure around Cr than around Mn. 

Electrochemistry.—Coin cells comprising layered monoclin
LiAlxMn12xO2 and LiCrxMn12xO2 materials were cycled over mo
than 200 cycles at ambient temperature and at 558C. At ambient te
perature, the materials show electrochemical characteristics d
scribed for the layered monoclinic LiMnO2 system in previo
works3,6-8: a high first-charge capacity (up to 280 mAh/g), follow
by discharge capacities up to 180 mAh/g at low current rates, but w
a relatively high dependence of capacity on current rate. The depe
dence of capacity on current rate indicates that discharge is diffusi
limited, although the mechanism for this limitation has not yet be
elucidated. However since Al-substituted LiMnO2 materials sho
good cycling stability at elevated temperature,6 we were particula
interested in comparing the performance of the Al- and Cr-substit

Figure 4. Fourier transformed EXAFS data at the Cr and Mn K-edges 
LiCr0.10Mn0.90O2.
al Society, 147 (11) 4078-4082 (2000)
: $7.00  © The Electrochemical Society, Inc.
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ed materials at 558C. For Cr-substituted materials, cycling data a
558C has not been previously reported, to our knowledge.

The cycling performance at 558C is shown for x 5 0.05 materi
als in Fig. 5. Cells were first charged and discharged at a current rat
of 30 mA/g for five cycles and were then switched to the higher cur
rent rate of 75 mA/g for subsequent cycles. To verify the discharg
capacity at the lower current rate after extended cycling, cells wer
periodically discharged at 30 mA/g (cycles 16, 20, 96, 100, 150, 196
and 200). Note two features in particular; the capacities obtained
with the Cr-substituted material are ca. 15% higher than those ob
tained with the Al-substituted material, and the capacity retention a
558C is high (>90%) over 200 cycles for both the Al- and the Cr-sub
stituted material.

Although both Al- and Cr-substituted compounds show remark
able cycling stability at 558C, significant differences were observed
in the voltage profiles. Figure 6 compares discharge curves at differ
ent cycle number for the cells of Fig. 5. For LiAl0.05Mn0.95O2, th
first discharge is characterized by a relatively featureless sloping
profile between 4 and 3 V. However, with continued cycling, th
voltage in the first half of discharge evolves to higher potential, and
the voltage in the second part of discharge evolves to lower poten
tial. By cycle 16, the discharge profile shows two distinct plateaus a
around 4 and 3 V, with a sharp drop between the two plateaus. Thi
profile strongly resembles that observed for a spinel-type manganes
oxide structure, where the 4 V plateau relates to insertion of Li into
tetrahedral sites, and the 3 V plateau relates to insertion into octahe
dral sites. Therefore, the data for LiAl0.05Mn0.95O2 are fully consis
tent with recent structural analyses showing that this compound
transforms to a spinel-related structure during cycling.9 The layered
LiMnO2 compounds prepared by soft chemistry have also under
gone transformation to spinel with cycling.5

The discharge curves for the Cr-substituted material also show an
evolution with cycling, but the evolution is different from tha
observed for the Al-substituted material. On the first discharge, th
voltage profile is similar to that for the Al-substituted compound, bu
shows more structure with distinct inflections in the curve at ca
60 and 120 mAh/g, which divide the discharge into three regions. On
subsequent cycles, there is some movement of the middle part of th
discharge to lower voltage, but the curve continues to be character
ized by three distinct steps. The most important observation is tha
no significant additional capacity is evolved at 4 V beyond the firs

for

Figure 5. Cycling data at 558C for Li cells containing LiAl0.05Mn0.95O
(squares) and LiCr0.05Mn0.95O2 (circles). Charge 5 gray, discharge 5 white
 

Table II. Interatomic distances (number of atoms at this distance in parentheses) determined from EXAFS for LiCr0.10Mn0.90O2.

Mn-O Mn-M (M 5 Mn or Cr) Cr-O Cr-M (M 5 Mn or Cr)

1.94 Å (3 4) 2.82 Å (3 2) 1.99 Å (3 6) 2.81 Å (3 2)
2.29 Å (3 2) 3.05 Å (3 4) — 2.97 Å (3 4)
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Figure 6. Discharge curves for Li cells containing LiAl0.05Mn0.95O2 (left) and LiCr0.05Mn0.95O2 (right) at cycles 1, 5, 16, 96, and 196 (current rate 30 mA/g,
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temperature 558C).
cycle, even after 200 cycles, indicating little or no formation of a
tional spinel-type tetrahedral sites for Li with cycling. 

Evolution of crystal structure during cycling.—The differe
between the shapes of the discharge curves evolved by the Cr-
Al-substituted compounds suggest that different structural proce
take place during lithium deintercalation and reintercalation. Th
fore, cycled materials were investigated by XRD on cathodes
tracted from cells in various states of charge and discharge. 
parameters calculated from the XRD data are compared in Tabl
for Al- and Cr-substituted (x 5 0.05) materials during the first c
and after 100 cycles. XRD patterns are shown in Fig. 7. Figu
compares cell parameters of Al- and Cr-substituted materials 
those reported for unsubstituted LiMnO2

14 as a function of Li 
tent during the first cycle.

The first charge capacity for both Al- and Cr-substituted ma
als corresponds to almost complete removal of Li from the c
pounds. As observed for layered LiMnO2 prepared by soft ch
istry, this deintercalation is accompanied by a relaxation of the s
ing monoclinic crystal structure to a more regular hexagonal cr
structure, as a result of oxidation of Mn31 to Mn41. However,
reported for LiMnO2 show that the hexagonal c parameter under
a sharp decrease at the end of charge, to 13.41 Å.14 Such a lo
parameter at the end of charge was not observed in this study fo
Al- or Cr-substituted compounds.

On the first discharge, XRD shows that both Al- and Cr-su
tuted compounds retain a hexagonal structure to 2.0 V. The hex
nal a parameter increases with discharge, consistent with reduc
of Mn41 to Mn31. The c parameter initially increases during
charge and then decreases with further intercalation of Li. If the 
are discharged below 2.0 V, a monoclinic and/or tetragonal p
appears in the XRD pattern.10

Cathodes extracted from cells after further charge-disch
cycles reveal that different processes take place for Al- and Cr-
stituted samples on subsequent cycling. Cycled Al-substituted c
pounds show a decrease in the hexagonal c/a ratio relative to the
cycle. After 100 cycles, the c/a ratio has a value of 4.9, and it i
longer possible to distinguish whether the phase is hexagona
cubic from the XRD patterns. The diffraction peaks in the 
di-
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charged sample correspond well to a cubic spinel system with a ce
parameter of a 5 8.23 Å, comparable with LiMn2O4. Recent studie
of cycled Al-substituted LiMnO2 by transmission electron micros
copy and electron diffraction have shown that the cycled phase 
mainly spinel-type.9 This is consistent with the evolution of the dis
charge voltage profiles with cycling. 

However, cathodes extracted from cells containing Cr-subst
tuted compounds after 100 cycles show c/a ratios greater than 5.0
Figure 7 shows the diffraction pattern for the Cr-substituted com
pound in the charged state. The XRD pattern corresponds to 
hexagonal structure and is clearly distinguishable from tha
expected for a spinel-type compound, which should be cubic (c/
,4.9) and would have a cell volume <100 Å3 in the charged stat
The diffraction peaks are broader than those observed for th
Al-substituted material after 100 cycles, particularly the peak a
ca. 528 2u, indicating a more disordered structure for the cycle
Cr-substituted material. The disorder may result from changes i
the crystal structure underlying the type of evolution of the dis
charge profile shown in Fig. 6. However, we have not yet bee
able to determine the nature of these changes in any more deta
by ex situ XRD.

The reasons for the differences between the Cr- and Al-substitu
ed materials with respect to structural evolution during cycling ar
currently under investigation in a more detailed study by in situ XRD
and X-ray absorption fine structure spectroscopy, the results o
which are reported separately. However, the structural data reporte
to date indicate that the most significant structural transformation
take place in layered transition metal oxides in the highly charge
(delithiated) state. These structural transformations are typicall
accompanied by a decrease in the interlayer distance. Our data fo
LiAl0.05Mn0.95O2 show some decrease in the hexagonal c paramete
(c 5 3 3 the interlayer distance) on the first charge, although th
effect is not as large as that reported for unsubstituted LiMnO2. Fo
LiCr0.05Mn0.95O2, we observe a small decrease in c at the end of th
first charge, but the c parameter remains 0.1 Å higher than that fo
fully charged LiAl0.05Mn0.95O2. These observations suggest that th
layered structure of the Cr-substituted material is more stable t
delithiation than either the Al-substituted material or the unsubst
tuted material.
Table III. Unit cell parameters calculated from X-ray diffraction data for hexagonal phases in cycled cathodes.

Cell volume
Starting material Cycle no. State of charge a (Å) c (Å) (Å3) c/a

LiAl0.05Mn0.95O2 001 Charged to 4.4 V 2.86 14.53 102.9 5.08
001 Discharged to 3.5 V 2.86 14.61 103.7 5.11
001 Discharged to 2.0 V 2.88 14.56 105.0 5.05
100 Discharged to 2.0 V 2.91 14.24 104.4 4.90

LiCr0.05Mn0.95O2 001 Charged to 4.4 V 2.86 14.62 103.7 5.11
001 Discharged to 3.2 V 2.87 14.66 104.7 5.11
001 Discharged to 2.0 V 2.89 14.58 105.5 5.05
100 Charged to 4.4 V 2.87 14.60 104.2 5.09
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Conclusions

Although the LiAlxMn12xO2 and LiCrxMn12xO2 systems 
pared by the solid-state routes show similarities in crystal struct
significant differences are observed in the electrochemical proper
with cycling. In both cases, XRD studies on cycled cathodes sh
that during the first charge the monoclinic structure undergoe
relaxation to a hexagonal structure, which is retained on the first 
charge to a cutoff of 2 V vs. Li/Li1. The similarity in the shape

Figure 7. XRD patterns of cycled LiMxMn12xO2 (x 5 0.05) cathodes. D
ted lines indicate the main peak positions calculated for a cubic spinel o
with unit cell parameter of 8.23 Å.
the first cycle discharge curves between the Al- and the Cr-cont
ing materials is further evidence that the crystal structures at 
stage are nearly identical. On further cycling, our data for the 
substituted materials agree with other reports that the crystal st
ture of these compounds transforms to a spinel-type. However,
levels of Cr substitution seem to be able to prevent significant tra
formation to a spinel-type structure on extended cycling between
and 2.0 V.
ical Society, 147 (11) 4078-4082 (2000)
C: $7.00  © The Electrochemical Society, Inc.

pre-
ure,
ties
ow
s a
dis-

Acknowledgments
Work with the University of Auckland was carried out throu

Technology for Business Growth program supported by Techno
New Zealand. We thank Professor J. Rozière and Dr. D. J. J
(Laboratoire des Agrégats Moléculaires et Matériaux Inorganiq
Université Montpellier II, France) for X-ray absorption data,
F. Cooke and S. Michelsen (Pacific Lithium Limited) for carr
out electrochemical experiments.

Pacific Lithium Limited assisted in meeting the publication costs o
article.

References
1. G. Ceder and S. K. Mishra, Electrochem. Solid-State Lett., 2, 550 (1999).
2. F. Capitaine, P. Gravereau, and C. Delmas, Solid State Ionics, 89, 197 (1996
3. A. R. Armstrong and P. G. Bruce, Nature, 381, 499 (1996).
4. M. Tabuchi, K. Ado, H. Kobayashi, H. Kageyama, C. Masquelier, A. Kondo

R. Kanno, J. Electrochem. Soc., 145, L49 (1998).
5. Y. Shao-Horn, S. A. Hackney, A. R. Armstrong, P. G. Bruce, R. Gitzendanner,

Johnson, and M. M. Thackeray, J. Electrochem. Soc., 146, 2404 (1999).
6. Y.-M. Chiang, D. R. Sadoway, Y.-I. Jang, B. Huang, and H. Wang, Electro

Solid-State Lett., 2, 107 (1999).
7. I. J. Davidson, R. S. McMillan, and J. J. Murray, J. Power Sources, 54, 205 (1
8. I. J. Davidson, R. S. McMillan, H. Slegr, B. Luan, I. Kargina, J. J. Murray, an

Swainson, J. Power Sources, 81-82, 406 (1999).
9. H. Wang, Y.-I. Jang, and Y.-M. Chiang, Electrochem. Solid-State Lett., 2, 490 (1

10. B. Ammundsen, J. Desilvestro, T. Groutso, D. Hassell, J. B. Metson, E. R
R. Steiner, and P. J. Pickering, in New Materials for Batteries and Fuel Cells,

ot-
xide

Figure 8. Hexagonal unit cell parameters as a function of Li content i
first cycle for LiAl0.05Mn0.95O2 (squares), LiCr0.05Mn0.95O2 (circles)
LiMnO2 (crosses; Ref. 14).
ain-
this
Al-

ruc-
low
ns-

 4.4

Mater. Res. Soc. Symp. Proc. Vol. 575, Materials Research Society, Warrendale, PA
(2000).

11. J. Rodriguez-Carjaval, Fullprof Manual, Institut Laue-Langevin, Grenoble, France
(1992).

12. A. Michalowicz, in Logiciels pour la Chimie, p. 102, Société Française de Chimie,
Paris (1991).

13. B. Ammundsen, D. J. Jones, J. Rozière, and F. Villain, J. Phys. Chem. B, 102, 7939
(1998).

14. P. G. Bruce, A. R. Armstrong, and R. L. Gitzendanner, J. Mater. Chem., 9, 193
(1999).

Samsung Ex. 1046, Page 5 of 5 
Samsung Electronics Co., Ltd. v. RJ Technology, LLC 

IPR2023-01183


	Experimental
	Results and Discussion
	Conclusions
	Acknowledgments
	References



