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bstract

Li0.33MnO2 was prepared by solid-state reaction of CMD oxide and a lithium salt. The structure was studied by X-ray diffraction and Raman
cattering during electrochemical discharging. The possibility of application as a positive electrode in rechargeable lithium batteries was investigated.

he electrochemical properties of Li//Li0.33MnO2 cells were studied as a function of temperature in the range 25–55 ◦C. The electrode material
elivers an initial capacity of 194 mAh g−1 and shows good reversibility at room temperature. Finally, the lithium insertion mechanism was examined
y the determination of the ion kinetics.

2006 Elsevier B.V. All rights reserved.

sion c

d
c
L
a
t
[
t
l
l
r
2

p
s
o
(
s

eywords: Lithium batteries; Manganese dioxides; Structural properties; Diffu

. Introduction

During the last decade, manganese-based oxides have been
he most investigated materials as positive electrodes for sec-
ndary lithium batteries [1]. They provide safety, low-cost, low
oxicity and high performance, so that a commercial battery
ased on such compounds is viable. Many kinds of porous
anganese oxide crystals with tunnel and layered structures

ave been reported [2]. Indeed, Tadiran has commercialized a
i//LixMnO2 rechargeable cell, which has a unique safety sys-

em. It is based on an electrolyte which polymerizes with rise in
emperature to prevents further exothermic reaction.

The backbone of the structure consists on a network of
orner-shared and/or edge-shared MoO6 octahedra. It has been
eported, however, that the chemically grown manganese diox-
de (CMD) has a poor long term cyclability [3]. Several work-
rs have studied the structural stability and the electrochemi-

al properties of chemically lithiated MnO2-based compounds
3–8]. In order to improve the rechargeability of MnO2, different
hases have been synthesized. A lithium-containing manganese
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ioxide as a composite dimensional manganese oxide (CDMO)
ontains domains of �–�-MnO2 and the rock-salt structure
i2MnO3 [9]. An intergrowth structure, containing domains of
lithiated �-MnO2 phase has been prepared by the acid diges-

ion of the spinel phase under carefully controlled conditions
10]. The lithiated Li0.33MnO2 phase has been obtained by heat
reatment of a mixture of LiOH-MnO2 and LiNO3-MnO2 at
ow temperature and behaved as a 3-V electrode material in
iquid–electrolyte lithium batteries. This compound delivered a
echargeable capacity of 180 mAh g−1 with a flat potential of
.9 V versus Li0/Li+ [9–15].

In this paper, we report the electrochemical and structural
roperties of the Li0.33MnO2 electrode materials prepared by
olid-state reaction of CMD and lithium salt. The morphol-
gy and structure are studied by scanning electron microscopy
SEM), X-ray diffractometry (XRD) and Raman scattering (RS)
pectroscopy. The possibility of application as a positive elec-
rode in rechargeable lithium batteries was investigated as a
unction of the cell temperature.
. Experimental

The lithiated MnO2 samples were prepared by the classi-
al solid-state reaction (SSR) of CMD oxide and LiNO3 as the
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ithiated agent, according to the method conditions of synthesis
escribed elsewhere [7]. A final temperature of pre-treatment
n the range 350–450 ◦C was chosen. Applying a multi-step
echnique, the starting material (CMD Faradizer M) was ther-

ally pre-treated at 350 ◦C for 12 h without the lithiating agent
o remove the adsorbed and chemically bound water. An inti-

ate mixture of the precursor and lithium salt was reacted in
Pt crucible at 250 ◦C for 24 h, at 350 ◦C for 24 h, and finally
red at 450 ◦C for 8 h.

The particle morphology of the Li0.33MnO2 powders was
xamined with a scanning electron microscope (SEM, Philips
L30). The specific surface area was measured by the BET
ethod (Nova 2000). Phase identification was carried out by
RD using a Philips X’Pert PRO MRD (PW3050) diffrac-

ometer equipped with a Cu anticathode (Cu K� radiation
= 1.54056 Å) at room temperature. RS spectra of the sam-

les were collected with a double monochromator (Jobin–Yvon
odel U1000) using the 514.5 mn laser line from a Spectra-
hysics 2020 Ar-ion laser. The electrochemical properties of the
roduct were tested at room temperature in cells with metallic
ithium as the anode. Measurements were carried out follow-
ng the experimental procedure previously described [16] using
eflon laboratory-cell hardware and the Mac-Pile system. Quasi
pen-circuit voltage curves were recorded using a current pulse
f 0.14 mA cm−2 applied for 1 h followed by a relaxation period
f 0.5–1.0 h, to record the transient voltage for the determination
f chemical diffusion coefficients of Li+ ions in the Li0.33MnO2
lectrode.

. Results and discussion

The synthesized product has the chemical formula
i0.33MnO2 with a specific surface area of 28–32 m2 g−1 esti-
ated from BET measurements. The surface morphology and

exture as well as the particle sizes of Li0.33MnO2 specimens
ere observed by SEM which show data consistent with the
ET measurements. Fig. 1(a and b) shows the typical SEM
ictures recorded at various magnifications of the Li0.33MnO2
owders synthesized by solid-state reaction. It can be seen that

he small particles in the sample are highly regular. Both the size
nd the form of the particles is even. Most of the particles have a
egular shape with roundness of the edges, and their dimensions
re submicron, i.e. the grain size average is around 600 nm.

L
f
x
L

Fig. 1. SEM images at various magnifications of the L
ig. 2. The first discharge–charge curves of Li//Li0.33MnO2 cells in the voltage
ange 4.0–1.5 V vs. Li0/Li+. Measurements were carried out at 25 ◦C.

he marked decrease in the particle size of Li0.33MnO2,
ompared with the CMD precursor is then unequivocally
orrelated with the kinetics of grain formation using the SSR
ynthesis as low as 450 ◦C which favours this tendency for small
rains.

Fig. 2 shows the first discharge–charge curves for the
i//Li0.33+xMnO2 cells in the voltage range 4.0–1.5 V versus
i0/Li+ at a current density 0.14 mA cm−2. Measurements were
arried out at 25 ◦C. For the first discharge–charge process,
he voltage profile occurs with an S-shape that indicates the
ormation of a single-phase Li0.33+xMnO2. This electrode mate-
ial has an initial capacity of 194 mAh g−1, corresponding to
.62Li/Mn intercalating into the Li0.33MnO2 host lattice. The
apacity observed here is in good agreement with the theoreti-
al gravimetric capacity of 201 mAh g−1 based on the following
eaction

i0.33+xMnO2 + 0.67Li+ + 0.67e− � LiMnO2. (1)

Since the reduction process of Li0.33MnO2 is reversible,
he construction of rechargeable cells is possible. Satisfac-
ory charge–discharge efficiency and storage capability are
ther favorable features of this cell. Upon lithiation of the

i0.33+xMnO2, the electronic conductivity increases slightly

rom 1 × 10−4 S cm−1 for x = 0 to ca. 5 × 10−3 S cm−1 for
= 0.55. Fig. 3 shows the incremental capacity of the
i//Li0.33+xMnO2 cells derived from the titration curve at 25 ◦C.

i0.33MnO2 synthesized by solid-state reaction.
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ig. 3. Incremental capacity of the Li//Li0.33+xMnO2 cells derived from the
itration curve at 25 ◦C. Reduction peaks appeared at 3.02 and 2.83 V while
xidation peaks occurred at 2.98 and 3.18 V.

eduction peaks appeared at 3.02 and 2.83 V, while oxidation
eaks occurred at 2.98 and 3.18 V.

Fig. 4a and b presents the temperature dependence of the

ischarge–charge curves. It is shown that the Li//Li0.33MnO2
ells can operate efficiently at temperatures of 40 and 55 ◦C at
bout 190 mAh g−1 or less with an operating voltage in the range
.5–3.8 V. The electrochemical profile of cells heated at 40 and

ig. 4. Temperature dependence of the first discharge–charge curves of
i//Li0.33MnO2 cells in the voltage range 4.0–1.5 V vs. Li0/Li+. Measurements
ere carried out at 40 and 55 ◦C.
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ig. 5. Cycling behaviour of the Li//Li0.33+xMnO2 cell as a function of the
emperature.

5 ◦C shows a slight decrease of the initial capacity but a decline
f the average voltage is observed. In the case of Li//Li0.33MnO2
perating at 55 ◦C, the average cell voltage is about 7% less
han for the cell operating at 25 ◦C. Fig. 5 displays the cycling
ehaviour of the Li//Li0.33+xMnO2 cell as a function of the tem-
erature. These electrochemical tests were carried out in Li/1 M
iClO4 in EC-DEC/Li0.33MnO2 cells. The comparative diagram

or cycle behavior shows that for a temperature rising to 55 ◦C,
he capacity retention decreases by 50% after the 60th cycle.
his phenomenon is attributed to the phase transformation from
onoclinic Li0.33MnO2 to a LiMn2O4 spinel. This structural

estabilization occurring during electrochemical cycling is well
nown for LiMnO2 [16,17]. The above characteristics are used to
alculate the thermodynamics of the Li activity in Li0.33+xMnO2.
he open-circuit voltage, E, of a lithium cell can be related to

he thermodynamic free energy, �GLi, of the electrochemical
eaction taking place as

GLi(x, T ) = nFE(x, T ) = �HLi(x, T ) − T�SLi(x, T ). (2)

ombining this equation with the classical relationship of ther-
odynamics at constant pressure ∂�G/∂T = −�S, one obtains

he expression for the variation of entropy

SLi(x, T ) = −nF
∂E

∂T
(3)

or low lithium contents, x ∼ 0.1, high value of entropy is found
eflecting the random distribution of Li ions, i.e. a high mobility
n the host lattice. This is consistent with a system exhibiting
large value for the ion–ion interaction factor. Beyond x = 0.3

rom an initial value of 1.27 kJ mol−1 K−1, �SLi(x,T) slowly
ncreases up to x = 0.62.

To understand the electrochemical features of the
i0.33+xMnO2 positive electrode, structural properties were
easured as a function of state-of-discharge (SOD) using
RD and RS experiments. Fig. 6 presents the XRD patterns

f electrochemically intercalated Li0.33+xMnO2 materials. The
rystal structure of Li0.33MnO2 obtained by heat-treatment
f a �-MnO2 and LiNO3 mixture belongs to the space group
2/m with the lattice parameters a = 14.08 Å, b = 2.81 Å and



1368 C.M. Julien et al. / Journal of Power Sources 159 (2006) 1365–1369

F
p

c
M
l
l
s
i
u
H
p
c
r
m

p
L
6
L
a
o
C

7
5
b
t
o
l
W
w
e
i
a

F
s
w

i
o
F
o
C
i
h

d
T
m
d
s

D

w
t
F
t
v
s

e
g
a

∗

ig. 6. XRD patterns of electrochemically intercalated Li0.33+xMnO2 com-
ounds. New diffraction peaks are growing at 2θ = 18 and 45◦ upon Li insertion.

= 4.47 Å. The crystal lattice consists of the arrangement of
nO6 octahedra with the hexagonal close packed oxygen

attice providing two different sites for Mn cations, which
eads to an open framework for easy Li-ion motion. The results
hown in Fig. 6, i.e. shape and positions of the Bragg lines,
ndicate that the framework structure of Li0.33MnO2 is almost
nchanged during the discharge reaction up to 0.62Li/Mn.
owever, one can observe the appearance of new diffraction
eaks at 2θ = 18 and 45◦ upon Li insertion. This is the result of a
ontinuous structure reorganization, which indicates complete
eversibility of the insertion–extraction process for Li0.33MnO2
aterial in the potential range 3.8–1.5 V.
Fig. 7 shows the RS spectra of the LiMnO2 monoclinic

hase and the lithiated Li0.33+xMnO2 compounds. For lithiated
i0.33+xMnO2 electrodes, the stretching modes in the region
00–650 cm−1 are shifted toward the low wavenumber side upon
i insertion. The two dominant Raman bands of Li0.33MnO2
t 606 and 640 cm−1 are attributed to the stretching modes
f MnO6 octahedra and correspond to the Ag species in the
3
2h spectroscopic symmetry. The high wavenumber peak at
18 cm−1 belongs to the Bg symmetry. The bands at 378, 450 and
04 cm−1 are assigned to the bending modes of the O Mn O
onds. The low wavenumber band located at 269 cm−1 is due to
he vibrations of Li ions in the octahedral cage. The net effect
f the Li-ion incorporation into the tunnels of the Li0.33MnO2
attice results in a small modification of the Raman spectrum.

e observe a shift of the stretching vibrations toward the lower

avenumber side due to the reduction of Mn ions. The low-

ring of the oxidation state of manganese from Mn4+ to Mn3+

nduces an increase in the elementary unit cell, which results in
decrease of the vibrational mode frequencies that is inherent

o
i
L
v

ig. 7. Raman scattering spectra of lithiated Li0.33+xMnO2 compounds. The
tretching modes in the region 600–650 cm−1 are shifted toward the low
avenumber side upon Li insertion.

n the presence of Mn3+ ions. These spectral features are also
bserved in the RS spectrum of the LiMnO2 monoclinic phase.
or this compound, the stretching modes of the MnO6 octahedra
ccur at 575 and 605 cm−1 due to the greater Mn–O distances.
omparison of the RS spectra leads the conclusion that the Li+

ons are inserted into the octahedral voids of the Li0.3′′MnO2
ost lattice.

The diffusion kinetics of the Li+ insertion–extraction process
irectly controls the rate of discharge and charge of the cells.
he chemical diffusion coefficient of Li+ ions, D∗

Li, was deter-
ined using the GITT method [18]. An estimate of the chemical

iffusion coefficient of Li+ has been elaborated analysing the
emi-infinite diffusion part of the transient voltage

∗
Li = 4

π

(
Vm

FSZ

)2
[
I0

(
∂E

∂x

) (
∂E

∂
√

t

)−1
]2

(4)

here Vm is the molar volume, S the geometric apparent area of
he electrode (estimated from BET data), I0 the current supplied,
the Faraday constant, (∂E/∂x) the slope of the coulometric titra-

ion curve, while ∂E/∂
√

t is the slope of the short-time transient
oltage change. At any composition, Eq. (4) is valid for times
horter than the diffusion time τ � L2/D∗

Li [18].
Fig. 8 shows the evolution of D∗

Li for the Li0.33+xMnO2
lectrode as a function of the degree of Li insertion. The
raph (dx/dV) versus x obtained from the titration curve is
lso shown (open circles). The chemical diffusion coefficients

f Li ions in the Li0.33+xMnO2 electrode depend on x. DLi
s found to range from 6 × 10−11 to 3 × 10−11 cm2 s−1 for
i0.33MnO2 and Li0.95MnO2, respectively, with a minimum
alue at ca. 3 × 10−12 cm2 s−1 for x ≈ 0.75. This minimum
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ig. 8. Chemical diffusion coefficient of Li+ ions in the Li0.33+xMnO2 electrode
s a function of the degree of Li insertion. The graph (dx/dV) vs. x obtained from
he titration curve is also shown (open circles).

s in correspondence of the peak of the differential capacity.
he minimum in D∗

Li was predicted by the model for strong
ttractive interactions between the insertion species and the
ost matrix [19]. The Li mobility is shown to slightly decrease
pon subsequent discharge–charge cycles due to irreversible
tructural and morphological changes of the host matrix. The
alue of D∗

Li are in close agreement with other oxygen-packed
rameworks such as LiMoO3 [20].

. Conclusions

The electrochemical properties of the Li0.33MnO2 electrode
aterials, prepared by a solid-state reaction of CMD and lithium
alts, has been studied. A Faradaic yield 0.62Li/Mn was achieved
pon discharge, leading to a capacity of 194 mAh g−1. The
i//Li0.33MnO2 electrodes have been tested at different tem-
eratures in the range 25–55 ◦C. At 55 ◦C, the cell displays a

[

[
[
[

ources 159 (2006) 1365–1369 1369

maller capacity retention and a slight decrease of the average
ell potential. X-ray diffraction and Raman spectroscopy show
hat the host lattice remains intact upon Li+ ion insertion and
xtraction. The chemical diffusion coefficients of the Li ions
aries in the range 6 × 10−11 to 3 × 10−12 cm2 s−1.
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