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bstract

In this work we report the investigation of the structural and the electrical properties of orthorhombic LiMnO2 in a wide temperature range in air
nd in high purity argon (N5). Also we present a correlation between the electrical and the electrochemical properties of the material upon lithium
eintercalation. Moreover, its chemical stability against LiPF6 based liquid electrolyte at elevated temperatures was measured and compared with
ther cathode materials.
High temperature investigations revealed occurrence of phase transitions. During heating in oxidizing and in inert atmosphere orthorhombic
hase decomposes into LiMn2O4 and LiMn2O3. The conducted experiments also pointed to the instability of orthorhombic LiMnO2 during
lectrochemical lithium deintercalation. Both electrical conductivity and thermoelectric power of deintercalated samples altered substantially. DSC
easurements proved high thermal stability of LiMnO2 based cathode material in contact with commercial liquid electrolyte.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Lithium manganese oxide LiMnO2 with orthorhombic struc-
ure (o-LiMnO2) is a compound from a group of new, promising
athode materials for Li-ion batteries. It exhibits a high gravimet-
ic capacity (290 mAh g−1), high potential of an electrochemical
eaction versus lithium anode and is environmentally benign [1].
owever, this material is structurally unstable at high tempera-

ures and is relatively difficult to synthesize [2]. The transport
roperties of LiMnO2 are not sufficiently known, despite they
re crucial in terms of the electrochemical performance.

The goal of this work was to investigate structural, transport
nd electrochemical properties of the orthorhombic LiMnO2 and
aterial after electrochemical delithiation.
. Experimental

Orthorhombic LiMnO2 was obtained by a coprecipitation
ethod. Lithium and manganese (II) acetates were used as

∗ Corresponding author. Tel.: +48 12 6172522; fax: +48 12 6172522.
E-mail address: molenda@agh.edu.pl (J. Molenda).
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he precursors. The substrates in stoichiometric proportions
ere dissolved in deionized water. Concentrated ammonia solu-

ion (25 wt.%) was a precipitation agent. The obtained sol,
fter condensation, was dried at 363 K to yield xerogel, which
as subsequently calcinated in air, in the temperature range
23–573 K, for 24 h. The obtained brownish-black product was
owdered, pelleted, and again calcinated in flowing argon at
123 K for 20 h. After that it was quenched in order to preserve
igh temperature crystal structure.

The crystal structure was determined by the X-ray diffraction
ethod using PHILIPS X’Pert diffractometer operating with
u K� radiation. The high temperature phase transitions were

nvestigated by a thermogravimetric method together with a high
emperature XRD studies.

The electrochemical behavior of LiMnO2 was studied in the
i/Li+/LiyMnO2 cells. In the tests a custom-made electrochemi-
al cells were used, with a metallic lithium anode and 1 M LiPF6
olution in 1:1:1 wt. EC:DEC:DMC solvent. Whatman glass
icrofiber filters were used as well as Cellgard microporous sep-
rators. For electrochemical measurements cathode materials
ere mixed with 20 wt.% graphite, about 30 mg cm−2 of active
aterial was used. Charge/discharge curves were measured

t room temperature using Kest Electronics 32 K amperostat.

mailto:molenda@agh.edu.pl
dx.doi.org/10.1016/j.jpowsour.2007.05.054
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ig. 1. Electrical conductivity of the o-LiMnO2 (heating/cooling rate
.2 K min−1) and the corresponding TG curve (heating/cooling rate
.5 K min−1) measured in high purity argon (N5).

pplied current density was 20 �A cm−2. The phase composi-
ion of the cathode material with different delithiation degree
the content of an orthorhombic and a spinel phase) was esti-
ated on the basis of refining XRD patterns using Rietveld
ethod.
A differential scanning calorimetry (DSC) and thermogravi-

etric (TG) methods were applied to evaluate the thermal
tability of starting and deintercalated LiMnO2. Both measure-
ents were conducted using Mettler-Toledo 851e apparatus.
ass of the samples was 50 mg ± 5% in TG measurement and

5 mg in DSC measurements.

. Results and discussion

The results obtained by means of the XRD method confirmed
hat samples were single-phase, orthorhombic LiMnO2. Esti-
ated grain size of the obtained samples was of the order of a

ew �m.

Fig. 1 presents the electrical conductivity of o-LiMnO2

n cycle of heating and cooling in high purity argon (pO2 =
0−5 atm) with 0.2 K min−1 rate. Moreover, a corresponding
G curve is included in Fig. 1. As can be seen, the variations of
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Fig. 2. TG and DTG curves of LiMnO2 sample heat
Sources 173 (2007) 707–711

lectrical conductivity are very complex. The structural exami-
ation of the specimens taken in the characteristic points of the
lectrical conductivity hysteresis indicates that the quenched,
rthorhombic structure of LiMnO2, present at room temperature,
ecomes unstable at elevated temperatures. The orthorhombic
hase in the temperature range of 500–600 K has the electrical
onductivity thermally activated with the activation energy equal
.64 eV. At about 720 K the electrical conductivity suddenly
ncreases by 103 and a simultaneous increment of the sample

ass is observed, which is associated with the decomposition
f o-LiMnO2:

LiMnO2 + 1
2 O2 = LiMn2O4 + Li2MnO3 (1)

One of the reactants in reaction (1) is residual oxygen from
owing (N5) argon gas. Higher conductivity of the spinel phase,
iMn2O4, is the reason for the observed significant increase

n the conductivity (Fig. 1, arrow 1). The high conductivity of
0−1 S cm−1 and the activation energy of 0.43 eV observed at
emperatures 720–1100 K are characteristic for the manganese
pinel LiMn2O4 [3], conductivity of Li2MnO3 is lower by sev-
ral orders of magnitude. However, above 1100 K and low
xygen pressure 10−5 atm the manganese spinel is not stable
3]. Consequently the reaction (1) proceeds to the left, which is
eflected by a sudden drop of conductivity and the correspond-
ng mass loss (arrow 2 in Fig. 1), related to the formation of the
rthorhombic LiMnO2 phase. The orthorhombic phase, which
as much lower conductivity, is stable in these conditions. By
uenching the orthorhombic phase the high-temperature struc-
ure is preserved and the conductivity variations follow the arrow
in Fig. 1 Slow cooling of the high-temperature orthorhombic

hase leads again to the decomposition of LiMnO2 into man-
anese spinel LiMn2O4 and Li2MnO3 at about 950 K (arrow 3
n Fig. 1, reaction (1)).

Fig. 2a and b present TG and DTG (differential TG) curves
or o-LiMnO2 measured, consequently in air and in high purity
rgon. Generally, the shapes of both curves are quite alike. This
ndicates that mechanism of the decomposition is similar in both

ases. The observed reaction rate was higher for the samples
eated in air, though the total amount of accumulated oxygen
as smaller. This leads to the conclusion that the surface of the

ample, which was in a contact with air becomes passivated,

ed in (a) air and in high purity argon (N5) (b).
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ig. 3. First three charge/discharge cycles of the Li/Li /LiyMnO2 cell at a cur-
ent density of 20 �A cm−2 [7]. The first charge/discharge cycle for pure spinel
athode is attached for comparison (dashed line). y stands for average amount
f lithium in the cathode material [mol/mol].

ue to fast oxidation and a creation of a gas-tight layer of the
i2MnO3 phase, with a low oxygen diffusion coefficient. In the
rgon atmosphere (pO2 ∼ 10−5 atm) a very slow oxidation pro-
eeds according to the (Eq. (1)) and the passivation process does
ot occur, thus the observed mass uptake due to oxidation is
igher than that for the air atmosphere.

In Fig. 3 the first three charge/discharge curves for
i/Li+/LiyMnO2 cell are presented. During the first cycle, at
current density of 20 �A cm−2, about 80% of the theoreti-

al capacity is achieved, during the third cycle it fades about
0% and is equal to 200 mA g−1. For comparison, the first
harge/discharge curve for Li/Li+/LiyMn2O4 is also presented.

The analysis of subsequent discharge curves character leads
o the important conclusion concerning stability of orthorhombic
iMnO2 during electrochemical delithiation/lithiation process.
he observed increase of the cell potential during consecu-

ive discharge cycles cannot be associated with properties of
-LiMnO2 phase. Cyclic lithium deintercalation/intercalation
estabilizes orthorhombic structure and contributes to its trans-
ormation to the cubic spinel phase. Similar behavior was

bserved by other researchers [4–6].

In Fig. 4 the comparison of open circuit voltage (OCV) curves
f the cell containing LiyMnO2 based cathode and, for compar-
son, pure LiyMn2O4 spinel cathode are presented.

Fig. 4. Comparison of the LiMnO2 and LiMn2O4 OCV curves.
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Fig. 5. LiMn2O4 spinel phase contribution in composite cathode.

Comparing the charge/discharge curves (Fig. 3) to the OCV
Fig. 4), large polarization during charge/discharge processes is
bserved. It can be ascribed to the high resistance of the cathode
aterial [7]. In contrast with Li+/LiyMn2O4 cathode, a stepwise

hange of the electrode potential is observed for Li+/LiyMnO2
athode during lithium deintercalation, suggesting that the elec-
ronic structure of orthorhombic LiMnO2 significantly differs
rom the electronic structure of LiMn2O4, in which isolated

n3+ and Mn4+ states exist.
The X-ray studies carried for the deintercalated LiyMnO2

ased cathode materials (Fig. 5) at different deintercalation
tage, obtained during the first cell charge, prove an increasing
ontribution of the spinel-like phase up to 100% for deinter-
alation degree yLi = 0.4. For lower lithium contents probably
etragonal Mn3O4 appears. Similar result was obtained by
ötschau and Dahn [5].
Charge/discharge curves analysis and structural studies

howed that observed phase transition (o-LiMnO2 ↔ LiMn2O4)
s reversible. However, kinetics of this process is complex
nd depends on parameters of charge/discharge, such as cur-
ent density, relaxation time, and requires further examina-
ions.

Fig. 6a and b present evolution of the lattice constants for
rthorhombic LiyMnO2 and LiyMn2O4 spinel phases during
ithium electrochemical deintercalation. The nonlinear behav-
or of parameters evolution is observed, denoting a complex

echanism of the cathode process. As the obtained spinel lattice
onstant values decrease with lithium deintercalation progress,
he newly created spinel phase is electrochemically active and
ndergoes delithiation (beside orthorhombic phase delithiation)
uring the cell charge process. The observed lattice constants
re between 8.22 and 8.11 Å. These values are rather low as
ompared with delithiated manganese spinel prepared with high
emperature method with lattice constant between 8.25 and
.18 Å. This implies that in electrochemical process a heavily
efected spinel-like (Li1−xMn2O4) phase is created. A similar
attice constant was observed for LiMn2O4 spinel prepared with
ol–gel process [8,9].
On the basis of the XRD measurements and the
harge/discharge curves analysis the process of lithium deinter-
alation may be divided into two concurrent stages and described
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Fig. 6. Lattice constants of (a) orthorhombic LiyMnO2 and (b) spinel during first charge cycle as a function of deintercalation stage (©, a: lattice constant, �, b:
lattice constant, �, c: lattice constant).
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tant feature especially from commercial point of view. Fig. 7a
presents the results of DSC measurements taken for cathode
material being in contact with commonly used commercial
lithium liquid electrolyte (LiPF6 1 M, solvent EC:DEC:DMC
Fig. 7. (a) DSC measurements and (b) integral heat effects f

ualitatively with the following equations:

LiMnO2 = LiMn2O4 + Li2−xMn2O4 + (1 + x)Li (2)

iMn2O4 = Li1−xMn2O4 + xLi (3)

In this region a cause of the electrochemical reaction is the
eintercalation of the orthorhombic LiMnO2. The newly created
hases are: the spinel phase LiMn2O4 and delithiated, defected
rthorhombic phase with the Li2−xMn2O4 stoichiometry. The
efected Li2−xMn2O4 phase is isostructural with the orthorhom-
ic LiMnO2. The deintercalation process of the LiMn2O4 phase
lso occurs (Eq. (3)), thus its lattice constant decreases with
n increase of the delithiation stage (Fig. 6b). However, the
aximum concentration of the spinel-like phase is observed for

Li = 0.4 (Fig. 5), while the orthorhombic phase is not present.
urther deintercalation process of the material leads to formation
f manganese oxide with the structure analogous to tetragonal
n3O4, exhibiting similar XRD pattern as the orthorhombic

hase.
The observed unusual OCV curve shape can be assigned to
he equilibrium of the two phases present in the cathode mate-
ial: Li2−xMn2O4 and Li1−xMn2O4. A relatively large potential
rop during charge/discharge processes points to a considerable
athode material polarization. This may be caused by a kinetic

F
c

posite cathode material at different deintercalation stages.

imitation in reaching the equilibrium state or even by a creation
f temporary, metastable phases.

A chemical stability in relation to a liquid electrolyte of a
athode material in charged (oxidized) state is a very impor-
ig. 8. Comparison of the heat effects measured with DSC method for different
athode materials for Li-ion batteries.
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:1:1) at different deintercalation stages (during first charge
rocess). The observed integral heat effect increases with the
ncreasing deintercalation stage (Fig. 7b). This can be explained
n the basis of increasing oxidation state of manganese in cath-
de material.

The observed values of heat effects for deintercalated
iMnO2-based cathode materials are much lower than the ones
btained for other cathode materials used for Li-ion batteries.
s a result, prepared composite cathode material is the safest
aterial among others. It is clearly presented in Fig. 8, which

hows the heat effects of the reaction with an electrolyte for
ifferent cathode materials [10,11].

. Conclusions

The attractive electrochemical and thermal properties of the
btained cathode material based on the orthorhombic LiMnO2
esult from the partial transformation to defected Li1−xMn2O4

pinel structure. Moreover, this lithium manganese spinel, cre-
ted by the electrochemical route at room temperature, exhibits
mproved chemical stability as compared with LiMn2O4 pre-
ared in the high temperature synthesis.
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