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Single crystals of the chemically and electrochemically delithiated Li\MnO; (x < 0.1) have
been successfully synthesized from the parent orthorhombic LiMnO; single crystals. A single-
crystal X-ray diffraction study revealed that the average structure of Li\MnO, was the
disordered rocksalt-type with the space group Fm3m, and the lattice parameter a = 4.095(3)
A. Some additional spots indicating the superlattice structure and diffuse scattering could
be observed in the X-ray precession photographs. The mechanism of the structural
transformation from the parent orthorhombic LiMnO; to the delithiated cubic LixMnO, was
well explained by the manganese ion migration accompanied with Lit extraction. The
magnetic properties of the chemically delithiated LixMnO, are compared with those of the
parent LiMnO,. The extracted Curie constant in LixMnO; is consistent with the residual
lithium content found analytically, as in the case of -MnO,.

Introduction

Layered lithium manganese oxides have attracted
intense research interest as prospective cathode materi-
als in secondary lithium batteries not only because of
the low cost and low toxicity of manganese, but also
because of their high theoretical capacities.!~* LiMnO,
is known to exist in two ordered rocksalt-type structures
with orthorhombic and monoclinic symmetry, respec-
tively. Orthorhombic LiIMnO, has a zigzag layered
B-NaMnO, type structure with the space group of
Pmnm, as shown in Figure 1. The detailed crystal
structure of this compound was deduced first from
powder, and later from single-crystal, X-ray diffraction
data.5~7 It is experimentally well-known that the struc-
ture of orthorhombic LiMnO; cathode transforms gradu-
ally and irreversibly into a spinel-type structure during
several discharge—charge cycles.2? For practical rea-
sons, such a structural change of electrodes is generally
unfavorable, but in this case, the electrochemically
generated spinel electrodes show significantly better

and more stable characteristics of the charge—discharge
cycles than the regular spinel-type LiMn,O4 electrodes.

Recently, Tang et al.8 reported a structural-transfor-
mation model of orthorhombic LiMnO; to spinel-type
LiMn,0O,4 accompanied by the Li* extraction. In contrast,
Chiang et al.® reported the role of cation disorder and
transformation microstructures on electrochemical per-
formance examined theoretically and experimentally.
They predicted an intermediate structure with Fm3m
space group between the parent orthorhombic structure
with Pmnm space group and the spinel-type structure
with Fd3m space group, from the viewpoint of crystal-
lographic considerations. However, such an intermedi-
ate structure could not be obtained experimentally as
an average structure. To clarify the true crystal sym-
metry, precise crystal structure, and mechanism of the
structure change in this intercalation system, the single-
crystal X-ray diffraction method has been highly de-
sired, as in the recent studies of the spinel-type
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Figure 1. Crystal structure of orthorhombic LiMnO..

The present paper has three main objectives. First,
we prepare the electrochemically delithiated LiyMnO,
(x < 0.1) single crystals and determine the precise
crystal structure by the single-crystal X-ray diffraction
method. Second, we explain the mechanism of structural
transformation by the manganese ion migration ac-
companied with Li* extraction. Finally, we demonstrate
the magnetic property of the novel disordered rocksalt-
type manganese dioxide compound obtained by the Li*
extraction from the parent orthorhombic LiMnO; single
crstals.

Experimental Section

Single-Crystal Synthesis. Single crystals of the ortho-
rhombic LiMnO; were grown by a flux method, as mentioned
previously.'® The as-prepared LiMnO, powder (Nippon Chemi-
cal Industrial Co., Ltd., Japan) was mixed with LiCl (99.9%)
as a flux material in the nominal weight ratio of LIMnO,/
LiCl = 1:10. The flux growth was conducted in a vertical
resistance furnace. The mixture was heated to 1273 K for 10
h in a sealed Pt tube, gradually cooled to 873 K, and then
cooled naturally. The produced single crystals were easily
separated from the frozen LiCl flux by rinsing the Pt tube in
water for several hours.

Chemical Analysis. Chemical analyses of selected single-
crystal specimens were carried out by SEM-EDX (JEOL JSM-
5400). The chemical formulas of the samples were analyzed
by inductively coupled plasma (ICP) spectroscopy using the
pulverized single crystals (about 6 mg).

Electrochemical Delithiation. The controlled extraction
of lithium from a piece of single crystal was achieved by
electrochemical means using a microelectrode-based system.t”~2
A selected LiMnO; crystal (0.15 x 0.03 x 0.02 mm?) was placed
on a glass paper soaked in 1 M LiClO4/propylene carbonate
(PC) + ethylene carbonate (EC) (1:1 vol) solution (Li-ion
battery grade, Mitsubishi Kagaku Co.). A Pt—Rh fine filament
(25 um diam) was coated with a thin film of Teflon (Cytop,
Asahi Glass), and was then cut to give a micro-disk electrode.
The prepared microelectrode was held with x-y-z microposi-
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tioner (Shimadzu MMS-77) and brought into contact with the
LiMnO; crystal by handling the positioner under observation
with a stereomicroscope (Nikon SMZ-U). The electrode poten-
tial was measured and controlled against a Li foil reference
electrode with a potentiostat (Hokuto Denko HA-150). All the
electrochemical experiments were conducted in a small drybox
filled with air purified by a column (Balston 75-20, 203 K dew
point).

The electrode potential was stepped from the open circuit
potential (OCP, about 3.2 V) of LiMnO; to a desired value,
such as 4.50 V vs Li. After the overnight electrolysis, the
potentiostat was switched back to the OCP-measuring mode.
We checked the completion of the extraction reaction with the
stability of the regulated OCP, the value of which was 4.10 V
vs Li. The obtained LiyMnO; crystal was rinsed carefully with
pure PC, and then supplied to the single-crystal X-ray diffrac-
tion analysis.

Chemical Delithiation. The LiyMnO; single crystals were
also prepared by a combined Li-ion extraction/chemical oxida-
tion process. Selected LiMnO, single crystals were placed in
1 M HCl solution for several hours. No stirring or heating was
performed. The obtained Lix\MnO, crystals were washed care-
fully with ethanol, and then supplied to chemical analysis,
powder X-ray diffraction, and magnetic measurements.

Single-Crystal X-ray Diffraction. Crystals were exam-
ined with an X-ray precession camera (MoKa. radiation filtered
by Zr foil) to check on the crystal quality and to determine
the lattice parameters, systematic extinctions, and possible
superstructures. Integrated intensity data for the as-grown
LiMnO; and the electrochemically delithiated LiyMnO; single
crystals were collected in the 26—w scan mode at a scan rate
of 1.0°/min at 296 K on a Rigaku AFC-5S four-circle diffrac-
tometer (operating conditions 45 kV, 35 mA) using graphite-
monochromatized MoKa radiation (A = 0.71073 A), and
reduced to structure factors after due corrections for absorption
and Lorentz and polarization effects. The lattice parameters
of these compounds were determined by least-squares refine-
ment using 260 values of 25 strong reflections in the range 20—
30° and MoKa. (4 = 0.71073 A) on the four-circle diffractometer.

Powder X-ray Diffraction. The X-ray powder diffraction
profiles were measured using a Rigaku RINT2550 diffracto-
meter (operating conditions 40 kV, 200 mA) with CuKo
radiation equipped with a curved graphite monochromator.
The d spacing measurements were performed at 2.0° (26)
min~t in the range of 10° < 20 < 80° using powdered single
crystals. Lattice parameters were calculated by a least-squares
method.

Magnetic Measurements. The temperature dependence
of the magnetic susceptibility was measured with a SQUID
magnetometer (Quantum Design, MPMS) in a temperature
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Figure 2. SEM photograph of as-grown LiMnO, single
crystal.

range from 4.5 to 300 K at applied fields of 10, 20, and 100
Oe. Diamagnetic corrections for magnetic susceptibilities were
taken into account.

Results and Discussion

LiMnO.. Black, needlelike LiMnO, single crystals of
about 0.15 x 0.03 x 0.02 mm? in average were obtained,
as shown in Figure 2. EDX analysis showed that the
crystals were free from platinum contamination from
the vessel. The chemical formula, analyzed by ICP, was
Li1oMn100,, which is consistent with the result of the
present structure refinement.

Precession photographs indicate the as-grown LiMn-
O, belongs to the orthorhombic system with the space
group Pmnm, as in the previous work.” Figure 3 shows
the {hOI}* and {OKI}* precession photographs of the
LiMnO; single crystal, taken at room temperature. No
additional spots indicating the ordered structure and
diffuse scattering could be observed in these photo-
graphs. The lattice parameters for the as-grown LiMnO,
were identical with those in the previous report.”16

The structure refinement for orthorhombic LiMnO»
was carried out with the atomic coordinates reported
in the literature.” The converged final R and wR values
and other experimental and crystallographic data are
summarized in Table 1. Difference Fourier syntheses
using the final atomic parameters showed no significant
residual peaks. The final atomic coordinates and dis-
placement parameters are given in Table 2. All calcula-
tions were carried out using the Xtal3.4 package pro-
gram.?2! The refined structural parameters are in
excellent agreement with those in the previous reports
for LiMnO,.”

Magnetic susceptibility was measured as a function
of temperature at fixed fields using the present LiMnO,
single-crystal samples. Figure 4 shows a typical tem-
perature dependence from 5 to 300 K at 100 Oe. The
open and filled marks correspond to measurements on
field cooling and on heating after zero-field cooling,
respectively. The history dependence of temperature
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Figure 3. (a) {hOI}* and (b) {Okl}* precession photographs
of as-grown orthorhombic LiMnO; single crystal. MoKa radia-
tion filtered by Zr foil was used.

versus M/H maximum below 50 K was clearly observed.
Similar features were observed previously in the LiMn-
O, polycrystalline sample.22

From the results of the present structural and mag-
netic characterization, we confirmed that the present
single-crystal sample had a stoichiometric LiMnO,
chemical composition.

LixMnO; (x < 0.1). Figure 5 shows a SEM photo-
graph of the electrochemically delithiated LixMnO,
single crystal. Compared with that of the parent Li-
MnO,, the crystal becomes fragile, and there are many
surface grooves parallel to the needle direction. The
color of the crystals changed from black to brown by Li*
extraction.

(22) Greedan, J. E.; Raju, N. P.; Davidson, 1. J. J. Solid State Chem.
1997, 128, 209.
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Table 1. Experimental and Crystallographic Data for
Orthorhombic LiMnO;

Lihﬂn()z
orthorhombic
Pmnm (no. 59)

formula

crystal system
space group
lattice parameters

a(A) 4.574(1)
b (A) 5.752(1)
c(A) 2.808(1)
V (A3) 73.86(3)
crystal size (mm) 0.13 x 0.03 x 0.03
temperature (K) 296
scan type 20 —w
scan speed (°/min) 1.0
maximum 26 (°) 70

absorption correction
transmission factors

Gaussian integration

min. 0.760
max. 0.795
measured reflections 978
Rint (%) 1.06
independent observed reflections 207
number of variables 18
R (%) 1.30
WR [w = 1/02F] (%) 1.57
Table 2. Structural Parameters for Orthorhombic
Li“ﬂn()z
atom X y z Ueq. (A2)
Li 1/4 0.1161(7) 1/4 0.010(2)
Mn 1/4 0.63477(6) 1/4 0.0043(2)
o1 3/4 0.1423(3) 1/4 0.0068(7)
02 3/4 0.5993(3) 1/4 0.0058(7)
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Figure 4. Temperature dependence of the magnetic suscep-
tibility for as-grown LiMnO; single crystals measured at H =
100 Oe after zero-field cooling (filled symbols) and on-field
cooling (open symbols).

The chemical formula of the electrochemically delithi-
ated single crystal was roughly estimated (from the OCP
value) to be Lip1MnO,. The chemical composition of the
chemically delithiated crystals, analyzed by ICP, was
Lio.osMn1002. The value is well consistent with that
obtained by the electrochemical delithiation. The chemi-
cal formula of both the electrochemically and chemically
delithiated compounds is hereafter denoted as LiyMnO,
where the lithium content, X, is less than 0.1.

Precession photographs indicate the average structure
of the electrochemically delithiated LiyMnO; belongs to
the cubic system with the space group Fm3m. Figure 6
shows the {hkO}* and {hhl}* precession photographs
of the electrochemically delithiated LiyMnO, single
crystal, taken at room temperature. Some additional

Chem. Mater., Vol. 15, No. 15, 2003 2987

Figure 5. SEM photograph of electrochemically delithiated
LixMnO; single crystal.

Table 3. Experimental and Crystallographic Data for
Cubic LixMnO»

structural formula MnO;

crystal system cubic

space group Fm3m (no. 225)
lattice parameters

a(A) 4.095(3)
V (A3) 68.67(15)
crystal size (mm) 0.18 x 0.02 x 0.02
temperature (K) 296
scan type 20 —w
scan speed (°/min) 1.0
maximum 26 (°) 70

absorption correction
transmission factors

Gaussian integration

min. 0.532

max. 0.845
measured reflections 55
Rint (%) 6.2
independent observed reflections 18
number of variables 4
R (%) 6.4
WR [w = 1/6%F] (%) 6.7

spots indicating the superlattice structure and diffuse
scattering could be observed in these photographs
(Figure 7). This fact suggests the ordered local structure
or short-range ordering in the single crystal specimen,
as previously observed by electron diffraction study.®
However, these reflections were very weak in intensity
compared with the main Bragg reflections. Therefore,
we can describe the average structure as disordered
rocksalt-type. The lattice parameter for the cubic rock-
salt-type structure model was determined to be a =
4.095 (3) A using a four-circle diffractometer. The value
is considerably different from those in the disordered
rocksalt-type MnO (a = 4.446(1) A) and the spinel-type
2-Mn0O; (a = 4.02 x 2 A). 2324

The structure refinement for the electrochemically
delithiated LixMnO; was carried out with the disordered
rocksalt-type atomic coordinates and the space group
Fm3m. The converged final R and wR values and other
experimental and crystallographic data are summarized
in Table 3. Difference Fourier syntheses using the final
atomic parameters showed no significant residual peaks,

(23) Sasaki, S.; Fujino, K.; Takéuchi, Y.; Sadanaga, R. Acta Crys-
tallogr., Sect. A 1980, 36, 904.

(24) Greedan, J. E.; Raju, N. P.; Wills, A. S.; Morin, C.; Shaw, S.
M. Chem. Mater. 1998, 10, 3058.
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a

Figure 6. (a) {hk0}* and (b) {hhl}* precession photographs
of electrochemically delithiated cubic LixMnO; single crystal.
MoKa radiation filtered by Zr foil was used.

Table 4. Structural Parameters for Cubic LixMnO,

atom X y z Ueq. (A2) sof
Mn 0 0 0 0.014(2) 0.48(3)
(0] 1/2 1/2 1/2 0.033(5) 1

suggesting Li atoms. The final atomic coordinates and
displacement parameters are given in Table 4. The
refined occupancy parameter for Mn, the value of which
is 48%, is well consistent with the chemical analysis.
The derived Mn—O distance of 2.048(2) A is longer than
that expected for Mn**. However this can be explained
by about 50% vacancy of the Mn site.

Figure 8 compares the X-ray powder diffraction pat-
terns of as-grown orthorhombic LiMnO; crystals and the
chemically delithiated LixMnO, crystals. The cubic
lattice parameter of LixMnO,, determined by a least-
squares refinement using the powder data, was a =
4.088(6) A. As in the present single-crystal X-ray study,
the (111) peak of the cubic spinel structure at around
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Figure 7. Magnified photographs of the center regions of (a)
{hkO}* and (b) { hhl}* precession photographs shown in Figure
6. Some additional spots indicating the superlattice structure
and diffuse scattering are indicated by arrows.
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Figure 8. X-ray powder diffraction patterns of as-grown
LiMnO; single crystals and the chemically delithiated Lix\MnO,
single crystals. The correction for preferred orientation caused
by their needlelike crystal shapes was not performed.

19° in 26 could not be observed in this pattern. There-
fore, the average structure of the chemically delithiated
sample also can be described as the disordered rocksalt-
type structure.

Magnetic susceptibility was measured as a function
of temperature at fixed fields using the chemically
delithiated LiyMnO; single-crystal samples. Figure 9
shows a typical temperature dependence from 5 to 300
K at 100 Oe. The open and filled marks correspond to
measurements on field cooling and on heating after zero-
field cooling, respectively. A sharp maximum appears
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Figure 9. Temperature dependence of the magnetic suscep-
tibility for the chemically delithiated Li,MnO; single crystals
measured at H = 100 Oe after zero-field cooling (filled symbols)
and on-field cooling (open symbols).
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Figure 10. Inverse magnetic susceptibility for the chemically
delithiated LixMnO, single crystals. The Curie—Weiss fit is
indicated.

at 24 K in the ZFC magnetization, and an abrupt
increase of the FC magnetization is noticeable with
decreasing temperature below 50 K, indicating the
presence of a ferromagnetic component. The origin of
the ferromagnetic component in LixMnO; is not clear.
The complex magnetic behavior may come from the
contribution of 90° Mn*t—02 —Mn** ferromagnetic
interaction reported by Blasse.?®> However, as ferromag-
netism is also observed in the parent LiMnO, (Figure
4),22 it may be caused by a small amount of magnetic
impurity. To confirm this phenomenon, further mag-
netic properties below 24 K should be measured using
higher quality samples.

The inverse susceptibility is plotted in Figure 10,
including a Curie—Weiss law fit to the data above 150
K. The extracted Weiss temperature and Curie constant
are § = —158 K and C = 2.00 emu K/mol, respectively.
A negative Weiss temperature indicates antiferromag-
netic interaction between Mn** spins. From the Curie
constant, the effective moment is determined to be
et = 4.00 ug, which is slightly larger than the theoreti-
cal spin only value of 3.87 ug for Mn** (S = 3/,). This

(25) Blasse, G. J. Phys. Chem. Solids 1966, 27, 383.
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Figure 11. Rocksalt-type atomic arrangements in the parent
orthorhombic LiMnO; structure, viewed along (a) [010] and
(b) [100] directions. The gray, black, and white balls correspond
to the Li, Mn, and O atoms, respectively.
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Figure 12. Rocksalt-type atomic arrangements in the delithi-
ated cubic MnO; structure, viewed along (a) [110] and (b) [100]
directions. The gray and white balls correspond to the Mn and
O atoms, respectively.

fact is consistent with the chemical analysis results that
show a lithium content of 6%, which implies an equiva-
lent concentration of Mn3* (S = 2). Previously, Greedan
et al. reported uess = 3.97 ug for the spinel-type 1-MnO,
samples prepared by a similar chemical delithiation
technique.?* From these facts, we can be fairly certain
that a novel disordered rocksalt-type MnO;, can be
prepared by delithiation from the orthorhombic LiMnO..

Structural Transformation Mechanism. The pre-
sent single-crystal X-ray diffraction study revealed the
structure change together with lithium extraction reac-
tion from the parent orthorhombic zigzag-layered struc-
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Figure 13. Atomic migration model for Li (arrows) and Mn
(arrows) atoms from the orthorhombic LiMnO; structure to
the cubic rocksalt-type MnO; structure. The balls correspond
to the Li, Mn, and O atoms, respectively. The MnOg are drawn
with the octahedra. Atomic migration model for Li (gray
arrows) and Mn (black arrows) atoms from the orthorhombic
LiMnO; structure to the cubic rocksalt-type MnO; structure.
The gray, black, and white balls correspond to the Li, Mn, and
O atoms, respectively. The MnOg are drawn with the trans-
parent octahedra.

ture to the cubic disordered rocksalt-type one. Because
of the characteristic and anisotropic morphology of the
starting single-crystal specimen, we have successfully
pursued the mechanism of structural transformation by
using single-crystal X-ray diffraction photographs.
The parent orthorhombic LiMnO, has a zigzag lay-
ered structure, as mentioned above (Figure 1). On the
other hand, this structure can be also described as a
cubic closest packing for oxygen atoms, in which both
of the Li and Mn atoms occupy the octahedral Og
interstices. Figure 11 shows the rocksalt-type atomic
arrangement in the parent LiMnO; structure. Each view
direction in Figure 11(a) and (b) corresponds to the
X-ray photographs shown in Figure 3(a) and (b), respec-
tively. Similarly, the ideal rocksalt-type atomic arrays
(Figure 12(a) and (b)) correspond to the directions of the
X-ray photographs of the electrochemically delithiated
single crystal shown in Figure 6(a) and (b), respectively.
It should be emphasized that we have taken the X-ray
photographs (Figures 3 and 4) from the same direction
to the crystal shape (Figures 2 and 5). Namely, the
incident directions of X-ray to the characteristic crystal
faces in Figure 11(a) and (b) are the same as those in
Figure 12(a) and (b), respectively. From these facts, we
can easily understand that this structure change is not
caused by oxygen rearrangement and has been achieved
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by the migration of not only all of the lithium ions but
also half of the manganese ions, as summarized in
Figure 13. First, all of the Li* migrates out of the lattice
by the electrochemical potential, resulting in the forma-
tion of vacant octahedral sites (gray arrows in Figure
13). Then, half of the manganese ions migrate statisti-
cally into the vacant octahedral sites (black arrows in
Figure 13). Accordingly, the migration of metal ions has
accompanied a slight shift for oxygen atoms to the ideal
CCP positions, resulting in the cubic symmetry. We
think that the manganese ion migration could be caused
by the structural instability of the “zigzag layered
MnO;”.

Conclusion

The present single-crystal X-ray diffraction study
revealed the structure change together with lithium
extraction reaction from the parent orthorhombic zigzag-
layered LiMnO; structure to the cubic disordered rock-
salt-type LixMnO; with x < 0.1. The single-crystal to
single-crystal transformation has been confirmed by the
single-crystal X-ray precession method. The disordered
rocksalt-type structure was previously predicted from
a viewpoint of crystallographic phase transformation.
In the present study, the metastable phase has been
obtained as a single-crystal form for the first time.

On the other hand, low-temperature synthetic tech-
niques called “chimie douce” have resulted in major
developments in the solid state chemistry of transition
metal oxides. The systematic study of oxide bronzes in
the period 1950—1980 paved the way to further ad-
vances in the solid state chemistry of oxides, including
the alkali metal intercalation—deintercalation chemis-
try by soft chemistry or electrochemical methods. These
techniques also gave access to new metastable com-
pounds such as 2-Mn0,?® and several new forms of
Ti02.2772° In the present study, we report a novel
disordered rocksalt-type manganese dioxide, prepared
by the electrochemical and chemical delithiation from
the parent orthorhombic LiMnO..

It should be noted that it is not clear from the present
work whether the rocksalt-type form of MnO, can be
stabilized without finite amounts of Li*, as in the case
of --MnO,. The superlattice spots and diffuse scattering
observed in the present single-crystal X-ray study may
be caused by the remaining lithium ions. Further soft
chemical studies for the LiMnO, crystals and polycrys-
talline samples should be carried out. We believe that
the disordered rocksalt-type structure is a key to
understanding the good and stable characteristics of the
charge—discharge cycles in the LiMnO; electrodes for
the battery use.
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