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a b s t r a c t

A 3 V cathode material for lithium ion batteries, Li0.33MnO2, was synthesized by solid-state reaction.
Two Mn crystallographic positions, Mn(1) and Mn(2), were determined by X-ray diffraction analysis. The
[Mn(2)O6] octahedron had a lower symmetrical degree than that of [Mn(1)O6], which was attributed
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to the geometrical effects of the non-symmetrical environment around Mn(2). Li0.33MnO2 delivered a
reversible discharge capacity ∼140 mA h g−1. In situ synchrotron diffraction clearly showed a reversible
phase transition of Li0.33MnO2 during electrochemical process. The analysis of X-ray absorption near edge
spectroscopy observed the conversion of Mn4+ to Mn3+ with Li+ intercalation into Li0.33MnO2, accompa-
nied by the formation of more severely distorted [MnO6] octahedron.
rystal structure
lectronic property

. Introduction

Lithium ion batteries have been extensively used in portable
lectronics such as laptop computers, cellular phones, camcorders
nd cordless tools (4C-market). They are also considered as poten-
ial energy storage devices for future hybrid electric vehicles (HEVs)
nd electric vehicles (EVs). Most of the commercial lithium ion
atteries use LiCoO2 as the cathode materials. But, the high cost
nd toxic properties, along with the safety problems hamper
he applications of LiCoO2 in large-scale lithium ion batteries. In
ecent years, great efforts have been devoted to develop alterna-
ive cathode materials to replace LiCoO2. Manganese based oxides
re among the most attractive candidates because of their eco-
omical and environmental advantages. Scientists have developed
any kinds of Mn oxides, which could be sorted by 3 V (such

s LiMnO2) [1,2], 4 V (such as LiMn2O4) [3,4] and 5 V (such as
iMn1.5Ni0.5O4) [5,6] cathode materials in the light of discharge
otentials.
The thermal lithiated MnO2 (EMD), Li0.33MnO2, is one of the
V cathode materials, which delivers a reversible discharge capac-

ty of 140–190 mA h g−1 [7]. The crystal structure of Li0.33MnO2 has
een determined by X-ray diffraction and confirmed in the subse-
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quent works by Raman scattering and Fourier transform infrared
spectroscopy [8,9]. Most of the former works were focused on the
synthesis and electrochemical properties of Li0.33MnO2. However,
it is still ambiguous on the structural changes of Li0.33MnO2 dur-
ing electrochemical process. Besides this, there is still no report
on the electronic properties of as-prepared and electrochemically
lithiated Li0.33MnO2. We have developed recently an in situ battery
cell installed on synchrotron diffraction facilities, using which we
studied the structural evolution of stoichiometric thermal lithiated
MnO2, orthorhombic LiMnO2, during electrochemical process. We
reported for the first time that orthorhombic LiMnO2 transforms
to a metastable phase during the first cycle before it eventually
transforms to spinel LiMn2O4 [10]. This novel result has not been
observed by normal laboratory X-ray diffraction. This indicates that
we can obtain high sensitive experimental data by synchrotron radi-
ation, which may lead to finding of new knowledge on material
properties. In the present study, high-energy synchrotron tech-
niques, including X-ray diffraction (XRD) and X-ray absorption
spectroscopy (XAS) were employed to give clear information on the
structural and electronic properties of the as-prepared and electro-
chemically cycled Li0.33MnO2.
2. Experimental

Li0.33MnO2 was prepared by the conventional solid-state reaction. For the first
step, MnO2 (EMD, Aldrich) powder was pretreated at 250 ◦C for 5 h to remove any
adsorbed and chemically bonded water. Then, MnO2 and LiNO3 (99.5%, Junsei) were

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:kbkim@yonsei.ac.kr
dx.doi.org/10.1016/j.jallcom.2008.02.036


2 and Compounds 470 (2009) 273–277

w
m
c

d
s
u
s
o
(
a

c
m
c
N
s
W
a

d
G
t
b
u
a
m
f
d
m
[

3

L
a
e
t
t
(
r
t
p
L
[
h
m
o

Table 1
Rietveld refinement structural parameters of the Li0.33MnO2 material

Phase Atom Atom position

x y z

Li0.33MnO2

Mn(1) 0 0 0
Mn(2) 0.342 0 0.477
O(1) 0.058 0 0.339
O(2) 0.412 0 0.183
O(3) 0.239 0 0.770

Cell parameters: a = 13.798 (5) Å; b = 2.839 (6) Å; c = 4.925 (2) Å; ˇ = 88.3◦ . Rp = 4.82%;
Rwp = 6.29%; Rexp = 1.38%.

Fig. 2. Sketch of the crystal structure of Li0.33MnO2. The red balls represent the
“O” atoms. The regions in green and purple represent the [Mn(1)O6] and [Mn(2)O6]
octahedron, respectively. The [1 × 2] and [1 × 1] tunnels are marked in the figure.

Table 2
Mn–O bond lengths of the [MnO6] octahedron in Li0.33MnO2

Bond Number Bond length (Å)

[Mn(1)O6]
Mn(1)–O(1) 2 1.88
Mn(1)–O(2) 4 2.06
74 Y.J. Wei et al. / Journal of Alloys

eighed in a Li:Mn molar ratio of 0.33, and ball milled to ensure their homogeneous
ixing. The resultant mixture was heat treated at 360 ◦C for 20 h at the ambient

ondition to obtain the final product.
The crystal structure of the material was studied on a STOE STADI/P X-ray pow-

er diffractometer using a monochromic Mo K�1 radiation (� = 0.7093 Å). The 2�
tep for data collection was 0.02◦ . Rietveld refinement was applied for data analysis
sing the WinplotR package [11]. The morphology of the material was examined by
canning electron microscopy (SEM, FEI-Company SIRIONTM). The microstructure
f the material was studied by high-resolution transmission electron microscopy
HRTEM) with a JEOL (JEM-2100F) field emission transmission electron microscopy
t an acceleration voltage of 200 kV.

A three-electrode electrochemical cell with a Li foil and a Li wire as the
ounter and reference electrodes was used for the charge–discharge cycling experi-
ent. The working electrode was composed of a mixture of Li0.33MnO2 (86 wt.%),

arbon black (8 wt.%), and poly-vinylidenefluoride (PVDF, 6 wt.%) dissolved in
-methylpyrrolidone (NMP). The electrolyte was a solution of 1 mol L−1 LiClO4 dis-
olved in propylene carbonate (PC). The battery cell was cycled on a WonA Tech

BCS-300 battery cycler. The electrochemical experiment was performed in an
rgon filled glove box with H2O and O2 concentrations below 1 ppm.

In situ X-ray diffraction was performed in the transmission mode at the powder
iffraction beamline B2 of the Deutsches Elektronensynchrotron (DESY) in Hamburg,
ermany. For the in situ XRD measurements, we used a dedicated Swagelok-

ype cell as described elsewhere [12]. A wavelength of � = 0.47189 Å was selected
y a double-crystal Si(1 1 1) monochromator. The diffraction data were recorded
sing the on-site readable image-plate detector OBI [13]. The Mn K-edge X-ray
bsorption near edge spectroscopy (XANES) was performed in the transmission
ode at the beamline 7C at Pohang Light Source (PLS), Korea. Internal reference

or the energy calibration was used for a Mn metal foil at each scan. No energy
rifts of the monochromator were observed during the experiments. The nor-
alization of the absorption data was performed using the WINXAS’97 package

14].

. Results and discussions

Fig. 1 shows the powder X-ray diffraction pattern of the
i0.33MnO2 sample. The broad and weak diffraction peaks indicate
small coherent domain size of the material. The mean coher-

nt domain size of the material was about 10 nm estimated by
he Scherer formula [15]. The Rietveld refinement of the diffrac-
ion data was carried out based on the monoclinic structure model
space group C/2m) as suggested by Aurbach and coworkers [8]. The
efinement parameters are listed in the Table 1. Fig. 2 is a sketch of
he crystal structure of Li0.33MnO2 constructed by the refinement
arameters. It is seen from the figure that the crystal structure of
i MnO is composed of an ordered arrangement of [1 × 2] and
0.33 2
1 × 1] tunnels. The Li ions were believed to reside in the [1 × 2]
oles since they are much larger than the [1 × 1] ones. The arrange-
ent of the [MnO6] octahedron within the hexagonal close-packed

xygen lattice provided two different sites for Mn ions, named Mn(1)

Fig. 1. Rietveld refinement result of the X-ray diffraction data of Li0.33MnO2.
[Mn(2)O6]

Mn(2)–O(1) 2 2.19
Mn(2)–O(2) 1 1.72
Mn(2)–O(3) 2 2.20
Mn(2)–O(3) 1 2.00

and Mn(2), respectively. Table 2 lists the Mn–O lengths of the [MnO6]
octahedron in Li0.33MnO2. It indicates that the [Mn(2)O6] octahe-
dron had a lower symmetrical degree than that of [Mn(1)O6]. The

low symmetrical degree of the [Mn(2)O6] octahedron was attributed
to the geometrical effects of the non-symmetrical atomic environ-
ment around the Mn(2) site.

Fig. 3 shows the SEM image of the Li0.33MnO2 sample. SEM
shows that the material was composed of irregular shaped and

Fig. 3. SEM image of the Li0.33MnO2 material.
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lattice with Li intercalation. Besides this, the diffraction peaks at
◦

ig. 4. (a) HRTEM image of the Li0.33MnO2 material. (b) Selected-area electron
iffraction pattern (SAED) of an individual domain particle. (c) HRTEM image of
n individual domain particle.

ized particles. The geometric particle size ranged randomly from
everal tens to hundreds nanometers. The HRTEM image presented
n Fig. 4(a) clearly shows that the material was polycrystalline. The

ean coherent domain size determined from HRTEM was about
0 nm, which is consistent with that estimated by Scherer for-
ula. The selected-area electron diffraction pattern (SAED) shown

n Fig. 4(b) indicates that the domain particles were well crystal-

ized. The lattice fringe of 4.05 ´̊A in the HRTEM image (Fig. 4(c))
orresponds to the (2 0 0) plane, which is consistent with the X-ray
iffraction result.

Fig. 5 displays the typical discharge–charge potential profiles of
i0.33MnO2. The material showed an open circuit potential at ∼3.4 V.

hen the material was discharged to 2.0 V, the capacity was deter-
ined as 168 mA h g−1, corresponding to 0.59 mol of Li intercalation

nto Li0.33+xMnO2 according to the reaction:

i0.33MnO2 + 0.59Li+ + 0.59e− = Li0.92MnO2

Therefore the composition of the cathode material after the first
ischarge was Li0.92MnO2, which was close to the ideal composi-
ion (LiMnO2) of fully lithiated Li0.33MnO2. The potential profiles
ere characterized by a single discharge plateau centered at ∼2.9 V
nd a charge plateau centered at ∼3.1 V. The shape of the potential
rofiles did not change much with cycling, highlighting the good
eversibility of the material. The discharge capacities versus cycle
umbers of the material were plotted in Fig. 6. It is shown that the

ig. 5. Typical discharge–charge potential profiles of the Li0.33MnO2 material.
Fig. 6. Discharge capacities vs. cycle numbers of the Li0.33MnO2 material.

material delivered a reversible discharge capacity of 140 mA h g−1

over 30 cycles.
Even though the crystal structure of Li0.33MnO2 has been well

established, it is still ambiguous on the structural changes of
this material during electrochemical process. Ohzuku et al. [16]
assumed that the material’s structure was practically unchanged
during Li intercalation. However, the voltage plateau near 2.9 V
on the discharge potential profile clearly indicates a phase tran-
sition and the coexistence of two phases. Aurbach and coworkers
[17] observed different XRD patterns of the fully electrochemi-
cally lithiated Li0.33MnO2 with respect to that of the as-prepared
Li0.33MnO2. They attributed this to a phase transition occurring
in the cathode material as Li intercalation. In order to examine
the structural changes more clearly, we collected the in situ XRD
patterns of Li0.33MnO2 during the first discharge–charge cycle,
which are shown in Fig. 7. At the first sight, these diffraction pat-
terns are poorly recognized, reflecting the long-range disordering
or poor crystallinity of the material. During the discharge pro-
cess (Li intercalation), all of the diffraction peaks shifted towards
lower 2� angles. This corresponds to an expansion in the material
2� ≈ 15.8 progressively weakened and eventually disappeared at
the end of discharge. At the same time, a new diffraction appeared
at 2� ≈ 18.7◦, and its intensity increased gradually with Li interca-

Fig. 7. In situ diffraction patterns of Li0.33MnO2 during the first discharge–charge
cycle.
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[13] M. Knapp, V. Joco, C. Baehtz, H.H. Brecht, A. Berghaeuser, H. Ehrenberg, H. von
ig. 8. Mn K-edge XANES of Li0.33MnO2 and Li0.92MnO2, along with those of LiMn2O4

nd Mn2O3. The insert pattern is the first derivatives of the XANES profiles of
i0.33MnO2 and Li0.96MnO2.

ation. These observations clearly indicate a structural transition
ccurring in the cathode material, which transformed to a new
hase at the end of discharge process. However, it was still an intrin-
ic challenge to determine the crystal structure of this newly formed
hase based on the current poor diffraction patterns. The evolution
f the diffraction patterns was reversed in the subsequent charge
rocess. The diffraction pattern after the first charge fits well with
hat of the as-prepared Li0.33MnO2 again, indicating the reversibil-
ty of this structural transition during electrochemical process.

The Mn K-edge XANES is very sensitive to the local symmetry
f Mn as well as to the associated charge of Mn itself. Fig. 8 dis-
lays the Mn K-edge XANES of the as-prepared Li0.33MnO2 and the
lectrochemically lithiated Li0.33MnO2 (Li0.92MnO2), together with
hose of LiMn2O4 and Mn2O3 as the reference materials. The edge
ump position for the as-prepared Li0.33MnO2 was higher than that
f LiMn2O4. This is consistence with the fact that the Mn oxida-
ion state of Li0.33MnO2 (Mn3.67+) is higher than that of LiMn2O4
Mn3.5+). The XANES shifted towards lower energies with Li inter-
alation, which corresponds to the decrease of the Mn oxidation
tate. It is noticeable that the edge jump position of Li0.92MnO2 was
lightly higher than that of Mn2O3. This is reasonable because the
n oxidation state of Li0.92MnO2 (Mn3.08+) is a little bit larger than

3.
The double pre-edge peaks P1 and P2 on the Mn K-edge XANES

re well known to be due to a formally forbidden 1s → 3d structural
ransition, which is dipole allowed if the full local Oh symmetry is
ecreased. The split in the pre-edge peaks originates from the sepa-
ation of the degenerated 3d levels under the effect of an octahedral
rystal field. P1 and P2 have been assigned to the 1s → 3deg and
s → 3dt2g transitions, respectively [18]. From the first derivations
f XANES, the energy difference between P1 and P2, �E(P2 − P1),
as determined as 2.0 eV and 2.8 eV for Li0.33MnO2 and Li0.92MnO2,

espectively. The large �E(P2 − P1) value of Li0.92MnO2 reflects a
road splitting between the Mn dt2g and deg levels. No significant
hange was observed in the peak intensity of P2 with Li intercalation
n contrast to the considerable decrease of P1. This can be explained
y the Mn 3d electronic configurations. Firstly, both Mn4+ and Mn3+

ons have half filled dt2g orbitals. A change in Mn4+ and Mn3+ con-
entrations in LixMnO2 does not cause a significant change in the

robability of 1s → 3dt2g transitions. However, the higher Mn3+ con-
entration in lithiated Li0.33MnO2 leads to filling more electrons in
he deg orbital. This would decrease the probability of 1s → 3deg

ransitions, therefore, result in a weak P1 signal.
mpounds 470 (2009) 273–277

The three features of “A”, “B” and “C” on the Mn K-edge
XANES are assigned to the dipole allowed 1s → 4p transitions,
among which “A” corresponds to the 1s → 4pz transition of the
Mn ions with a shakedown process followed by a ligand to metal
charge transfer (LMCT) [19]. The intensity and position of “A” pro-
vides a measure for the local structure around the Mn ions. A
stronger signal of “A” in Li0.92MnO2 could be attributed to the more
severely distorted [MnO6] octahedron, because the distortion facil-
ities the LMCT and hence the shakedown process. In addition, it was
reported that the distortion of the [MnO6] octahedron also facili-
tates the feature “A” shifting towards lower energies [20]. In this
study, the energy positions of “A” were determined at 6550 eV and
6548 eV for the as-prepared Li0.33MnO2 and lithiated Li0.92MnO2,
respectively, which is concordant to the increase of the [MnO6]
distortion with Li intercalation.

4. Conclusions

In this work we prepared a Li0.33MnO2 powder using conven-
tional solid-state reaction. The material had a monoclinic structure
with an ordered arrangement of [1 × 2] and [1 × 1] tunnels, and two
different Mn sites. The [Mn(2)O6] octahedron had a lower symmetri-
cal degree than that of [Mn(1)O6], which could be attributed to the
geometrical effects of the non-symmetrical environment around
Mn(2). In situ X-ray diffraction clearly showed a reversible phase
transition for Li0.33MnO2 during electrochemical process. However,
the crystal structural of this newly formed phase has not been
resolved because of the poor diffraction patterns. Li intercalation
into Li0.33MnO2 led to the conversion of Mn4+ to Mn3+, which was
accompanied by the formation of more severely distorted [MnO6]
octahedron.
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