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a b s t r a c t

A systematic first-principles calculation based on density functional theory is carried out to discuss the
redox mechanism of Li2MnO3. The lattices of structural models having C2/m- and C2/c-type stacking
sequences can be regarded as hexagonal, while their symmetry is monoclinic. Different stacking sequences
vailable online 3 August 2008
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of [Mn2/3Li1/3] layers do not cause differences in the energy or crystallographic structure, suggesting a
disordered stacking sequence. A calculation for Li2−xMnO3 assuming topotactic lithium removal indicates
that lithium removal can occur at a potential of about 4.6 V with a wide potential plateau. The electronic
structure of Li2−xMnO3 shows that the manganese ions remain in the charge state of Mn4+ and the charge
of the removed lithium ions is compensated by the oxidation of oxygen.
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. Introduction

Li2MnO3 has a layered structure analogous to that of �-NaFeO2.
ts chemical formula can be described as Li[Mn2/3Li1/3]O2 in
he conventional notation. Because of the similarity of the crys-
allographic structure, solid solutions of Li2MnO3 and lithium
ransition-metal oxides have been studied for use as positive elec-
rodes of lithium batteries [1–10]. Li2MnO3 and its derivatives
xhibit a large rechargeable capacity of more than 200 mA h g−1,
orresponding to 0.87 Li ions per formula unit of Li2MnO3. Charac-
eristic potential profiles are observed in the first charge–discharge
ycle; the potential curve has a flat and wide plateau at ∼4.5 V in the
rst charging, while it becomes sloping in the following discharg-

ng. Mn4+ has, however, been considered as inert in electrochemical
eactions. To explain the electrochemical activity of Li2MnO3 and
ts derivatives, several mechanisms for the first charging have been
roposed:

(a) Oxidation of other transition-metal elements.
b) Oxidation of Mn3+ associated with oxygen deficiency.

(c) Removal of lithium accompanied by oxygen loss.
d) Oxidation of electrolyte and exchange of H+ for Li+.
In solid solutions, other transition-metal elements are likely
o contribute to the redox reaction. However, Li2MnO3 itself also
xhibits a large rechargeable capacity [6,7,9]. Thus, the redox of the

∗ Corresponding author. Tel.: +81 75 753 5435; fax: +81 75 753 5447.
E-mail address: y.koyama@at7.ecs.kyoto-u.ac.jp (Y. Koyama).
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ther elements is not essential. Pasero et al. reported the oxygen
eficiency of Li2MnO3, leading to the formation of Mn3+ to bal-
nce the charge [10]. However, the amount of oxygen deficiency
eported was at most 1% and the average oxidation state of the Mn
ons was more than 3.94. Hence, the oxygen deficiency is not the
ominant cause of the large rechargeable capacity. Lu and Dahn
uggested that both Li and O atoms were simultaneously removed
uring the first charging of Li[NixLi(1/3−2x/3)Mn(2/3−x/3)]O2 in addi-
ion to the oxidation of Ni2+ to Ni4+ [5]. Kim et al. suggested that
he removal of lithium was accompanied by oxygen loss during the
rst charging [8], and they proposed an electrochemical process for
he lithium removal accompanied by the removal of electrons from
he oxygen 2p band, immediately followed by chemical reaction
esulting in the oxygen loss. Robertson and Bruce reported a charge
apacity of more than 300 mA h g−1 at 55 ◦C [7]. They proposed that
he charging occurred by the oxidation of the nonaqueous elec-
rolyte and that generated protons were exchanged for Li ions in
i2MnO3. They also proposed the removal of lithium accompanied
y oxygen loss for charging at 30 ◦C, at which the charge capacity
as markedly smaller. The redox mechanism of Li2MnO3 and its
erivatives is still under debate and further investigation is neces-
ary from various points of view. First-principles calculation based
n density functional theory has become a powerful technique even
n the field of lithium batteries. It is capable not only of illustrat-
ng the electronic structure but also of predicting many properties

11–15]. For instance, the redox potential can be estimated within
n error of 0.2 V without the use of experimental parameters [15]. In
his work, a systematic first-principles calculation has been carried
ut for Li2MnO3, focusing on the lithium removal from an energetic
oint of view.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:y.koyama@at7.ecs.kyoto-u.ac.jp
dx.doi.org/10.1016/j.jpowsour.2008.07.073
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Table 2
Lattice constants of Li2MnO3 corresponding to the �-NaFeO2-type structure

Stacking sequence a (Å) c (Å)

C2/m 2.8951 14.4022
C2/c 2.8949 14.4027
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. Calculation

The generalized gradient approximation (GGA) [16] was applied
o density functional theory with the so-called +U correlation [17]
or Mn-3d states. The U parameter used was 5.0 eV, which was
heoretically estimated for Mn4+ in spinel-type MnO2 [15]. Spin-
olarization was taken into account along with the ferromagnetic
rrangement of spins in the [Mn2/3Li1/3] layers. The plane-wave-
asis projector augmented wave (PAW) method [18–21] was used.
he radius cutoffs of the PAW potential were 1.08, 1.32, and 0.90 Å
or Li, Mn, and O, respectively. A plane-wave cutoff energy of 400 eV
as used. Integration in the Brillouin zone was performed on the
asis of the Monkhorst–Pack scheme [22] using a k-point mesh with
n interval of 0.05 Å−1 in each primitive lattice vector of the recip-
ocal space. Lattice constants and internal atomic positions were
ptimized until the residual forces and stresses became less than
0−3 eV Å−1 and 1 MPa, respectively. The structural models used are
xplained in the following sections.

. Results and discussion

.1. Crystallographic structure of Li2MnO3

It is well known that the [Mn2/3Li1/3] layers in Li2MnO3 form a√
3 × √

3]R30◦-type superlattice. In contrast, the stacking sequence
f the [Mn2/3Li1/3] superlattice has not been clarified yet. Lang pro-
osed three types of probable stacking sequence of AB2 layers in
ock-salt-related A2BO3 compounds, such as Li2MnO3 and Li2SnO3,
orresponding to the space-group symmetries of C2/m, C2/c, and
3112 (or P3212) [23]. The structure refinement of Li2MnO3 has
een reported using the space-group symmetry of C2/m or C2/c
24,25]. Recently, Meng and coworkers proposed a disordered

odel consisting of the C2/m and P3112 stacking sequences [26,27].
he effects of the stacking sequence on energy were confirmed
efore examining the lithium removal using the three models pro-
osed by Lang.

The calculated energies of Li2MnO3 were similar for the three
ypes of stacking sequence. The difference was within 0.001 eV per
ormula unit. This is consistent with the results of a first-principles
seudopotential calculation [27]. In addition to the similar energies,
he crystallographic structures were also similar for the three stack-
ng sequences. The calculated structural parameters of the C2/m

odel are summarized in Table 1. The lattice constants were over-
stimated by 1–2% compared with the experimental results. This
s a reasonable error for the use of GGA+U [15]. The ratio of b to a,
.729, was almost the same as the ideal value for a hexagonal lattice,
3. The lattice vector a+3c in the model, which corresponds to the

attice vector c in the �-NaFeO2-type structure, was almost nor-
al (90.32◦) to the a–b plane. Hence, the lattice can be regarded
s hexagonal, even though its symmetry is monoclinic. The C2/c
odel also has an almost hexagonal lattice. The lattice constants

re, therefore, compared among the three models using the cor-
esponding lattice constants of the �-NaFeO2-type structure, as

able 1
tructural parameters of Li2MnO3 with the C2/m-type stacking sequence

tom Site x y z

i (1) 2b 0 0.5 0
i (2) 2c 0 0 0.5
i (3) 4h 0 0.66115 0.5
n 4g 0 0.16706 0
(1) 4i 0.21946 0 0.22822
(2) 8j 0.25417 0.32145 0.22436

pace group: C2/m (12), a = 5.0196 Å, b = 8.6763 Å, c = 5.0930 Å, ˇ = 109.50◦ .

t
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3112 2.8949 14.4027

is calculated from the area of the a–b plane, and c is calculated from the interlayer
istance of the [Mn2/3Li1/3] layers.

ummarized in Table 2. The corresponding lattice constant a is esti-
ated from the area of the a–b plane, and c is calculated from the

nterlayer distance of the [Mn2/3Li1/3] layers. The differences were
ithin the computational accuracy. The identical energy and lattice

onstants suggest a disordered stacking sequence, whereas a ten-
ency of ordering was reported in the literature [26,27]. The cause
f this inconsistency is not yet clear, but the stacking sequence
ppears to have little effect on the redox mechanism. The C2/m
odel is therefore employed to examine the lithium removal.

.2. Lithium removal from Li2MnO3

There have been several mechanisms proposed for the elec-
rochemical activity of Li2MnO3 and its derivatives, as described
n the introduction. A key question is whether the Li ions can
e removed from Li2MnO3 at a potential of ∼4.5 V. A series of
i2−xMnO3 compounds were thus examined, assuming topotac-
ic lithium removal. Since the primitive cell of the C2/m model
ontains two formula units (Li4Mn2O6), three compositions were
onsidered: Li1.5MnO3 (the primitive cell of Li3Mn2O6), Li1.0MnO3
Li2Mn2O6), and Li0.5MnO3 (Li1Mn2O6). All possible arrangements
f the Li ions and vacant sites within the primitive cell were exam-
ned.

There are three different sites for the Li ions in the C2/m model,
.e., at Wyckoff positions of 2b, 2c, and 4h. The 2b site is in the
Mn2/3Li1/3] layers, while the 2c and 4h sites are in the Li layers.
ence, three different arrangements were examined for Li1.5MnO3.
he models with the Li vacancies in the Li layers exhibited simi-
ar energy; the difference was less than 0.01 eV per formula unit
f Li1.5MnO3. In contrast, the other model, with the vacancies in
he [Mn2/3Li1/3] layers, was higher in energy by 0.07 eV per for-

ula unit, suggesting the removal of lithium from the Li layers
t the beginning of charging. The redox potential for the lithium
emoval can be approximately calculated as the average potential
f LixMnO3 in the range of x1 to x2 by the following equation:

ave(x1 ≤ x ≤ x2) = −E[Lix2 MnO3] − E[Lix1 MnO3] − (x2 − x1)E[Li]
(x2 − x1)e

,

here E[X] is energy of X per formula unit and e is the elemen-
ary charge. Entropy, volume change, and temperature effects are
gnored. The average potential was estimated to be 4.60 V for
ithium removal from the Li layers. This value was close to the
otential of the plateau observed in the first charging of Li2MnO3
nd its derivatives.

The density of states (DOS) was calculated to discuss the charge
ompensation mechanism for the lithium removal. The DOS of
i2MnO3 and Li1.5MnO3 with the most stable arrangement are
llustrated in Fig. 1. In Li2MnO3, Mn-3d states were split into the
o-called t2g and eg bands, and only the t2g band in the spin-up state
as filled. This is the typical electronic structure of the Mn4+ ion
t octahedral sites. The electronic structure of Mn was not signifi-
antly changed upon the lithium removal. The top states of Li2MnO3
ere mainly contributed to by oxygen. Hence, the charge compen-

ation for the lithium removal was predominantly carried out by
he oxidation of oxygen.
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Fig. 1. Density of states of Li MnO (x = 2, 1.5, 1 and 0.5) for the most stable arrange-
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Li MnO with a variety of arrangements of Li ions suggests that
x 3

ents of Li ions. The density of states is aligned so that the Fermi energy is zero. The
rojected density of states for Mn and O is illustrated by red-broken and blue-solid

ines, respectively.

There are four different arrangements of the Li ions in Li1.0MnO3:
wo have Li vacancies in the Li layers only, and the other two have

i vacancies in both the Li and [Mn2/3Li1/3] layers. It was possi-
le to classify the energy of the four models by considering the
rrangements. The two models with Li vacancies in both the Li and
Mn2/3Li1/3] layers exhibited a lower energy by ∼0.06 eV per for-

l
T
a
o

ources 189 (2009) 798–801

ula unit than the other two models with Li vacancies in the Li
ayers only. The difference in energy was less than 0.02 eV per for-

ula unit among each pair. The results indicate that the Li ions in
he [Mn2/3Li1/3] layers are likely to be removed from Li1.5MnO3 to
orm Li1.0MnO3. The calculated potential required to remove the Li
ons in the [Mn2/3Li1/3] layers ranged from 4.56 to 4.61 V. The vari-
tion of the potential was due to the arrangement of the Li ions
n the Li layers. The potential from Li1.5MnO3 to Li1.0MnO3 was
lightly lower than that from Li2MnO3 to Li1.5MnO3. This means
hat Li1.5MnO3 is metastable, although the difference in energy
etween Li1.5MnO3 and the pair of Li2MnO3 and Li1.0MnO3 was
mall. Consideration of the effects of entropy, volume changes, and
emperature, which have been disregarded in this study, would
e necessary for further discussion on whether the redox reaction
ccurs through a single phase or two phases. Assuming a two-phase
edox reaction, the estimated average potential from Li2MnO3 to
i1.0MnO3 is 4.58 V. The DOS of Li1.0MnO3 with the most stable
rrangement is illustrated in Fig. 1. The top valence states were
redominantly contributed to by oxygen, as before, indicating the
harge compensation by oxygen.

Three different arrangements of the Li ions were considered for
i0.5MnO3. Since the Li ions in the [Mn2/3Li1/3] layers have been
lready removed in Li1.0MnO3 with the most stable arrangement,
t would be reasonable to expect that the Li ions are stably located
n the Li layers in Li0.5MnO3. The model with the Li ions at the 2c
ite, however, exhibited only 0.03 eV per formula unit lower energy
han that with the Li ions at the 2b site. The difference in the poten-
ial energy of the Li site between the Li and [Mn2/3Li1/3] layers was

uch smaller than those in Li1.5MnO3 and Li1.0MnO3. The redox
otential for the lithium removal from the Li layers was estimated
o be 4.65 V, slightly higher than that from Li2MnO3 to Li1.0MnO3.
he DOS of Li0.5MnO3 with the Li ions at the 2c site is illustrated in
ig. 1 and indicates that the charge was still compensated by oxy-
en. Interestingly, the model with the Li ions at half of the 4h site
ventually transformed into an O1-type stacking sequence during
he geometry optimization calculation. The obtained structure was
hat of PbSb2O6 with a space-group symmetry of P3̄1m. The O1-
ype model was lower in energy than the model with the Li ions at
he 2c site by 0.31 eV per formula unit of Li0.5MnO3. The transfor-

ation is expected to be irreversible because of the large change in
nergy.

The calculation results of this study suggest that the Li ion can
e removed from Li2MnO3 at a potential of ∼4.6 V with a wide
lateau. This is in good agreement with the characteristic profile
uring the first charging of Li2MnO3 and its derivatives. Oxygen
redominantly contributes to the charge compensation associated
ith the lithium removal. It would be necessary to take account

f the kinetics and environment, such as temperature and oxygen
ressure, for further discussion on which reaction occurs following
he lithium removal.

. Conclusions

The effects of the stacking sequence of the [Mn2/3Li1/3] layers of
i2MnO3 on its energy and crystallographic structure were exam-
ned. The difference in energy was small among the three models

ith the C2/m, C2/c and P3112-type stacking sequences. The lat-
ice constants were equal among the three models. The energy
nd lattice constants suggest a disordered stacking sequence of
he [Mn2/3Li1/3] layers in Li2MnO3. The systematic calculation for
2−x 3
ithium removal occurs at ∼4.6 V with a wide potential plateau.
he electronic structure indicates that the charge compensation
ssociated with lithium removal is performed by the oxidation of
xygen.
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