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bstract

The specific capacity of Li0.44Mn1−yTiyO2 (0 < y < 0.22) positive electrode materials has been improved by an additional lithium-insertion
reatment in molten LiNO3–LiOH salt at a low temperature. High-purity specimens of the lithium-inserted Li0.44+xMn1−yTiyO2 have been successfully
repared. We have conducted a systematic experimental study of the structural and electrochemical properties of these compounds. The inserted
ithium content, x, in Li0.44+xMn1−yTiyO2 increases together with the substituted Ti content, y. The initial charge capacity increases from 130 mAh g−1

y = 0) to 145 mAh g−1 (y = 0.22) for the Li Mn Ti O compounds. The maximum discharge capacity that has been achieved is 180 mAh g−1

0.44+x 1−y y 2

n the case of Li0.72Mn0.78Ti0.22O2 between 2.5 and 4.8 V with a fixed current density of 30 mA g−1 (C/6) at 30 ◦C. The discharge capacity at the
V plateau region (about 100 mAh g−1) in the lithium-inserted Li0.55MnO2 has been improved to twice that in as-prepared Li0.44MnO2 (about
0 mAh g−1). The structural differences between Li0.44MnO2 and Li0.55MnO2 are discussed based on XRD Rietveld analysis results.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Lithium manganese oxide, Li0.44MnO2, has been exten-
ively investigated as a positive electrode material for secondary
ithium batteries [1–5]. This compound can be prepared by a
oft-chemical method using the corresponding sodium man-
anese oxide as the parent compound [1,2]. The crystal structure
f Li0.44MnO2 [2] maintains the parent Na0.44MnO2-type tun-
el structure [6,7], which differs from that of the well-known
ocksalt-related lithium manganese oxides such as spinel-type
iMn2O4 and layered LiMnO2. Hence, this compound does
ot undergo a conversion to spinel structure during normal
ycling or upon heating below approximately 400 ◦C [4]. Unfor-
unately, the discharge voltage reported previously is about 3 V,
nd the discharge capacity between 3.6 and 2.5 V is about
5–100 mAh g−1 [1–4].
Recently, we investigated the preparation conditions by
he molten-salt method and successfully improved the dis-
harge/charge performance [5]. A novel 4 V plateau was

∗ Corresponding author. Tel.: +81 29 861 4408; fax: +81 29 861 9214.
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bserved in Li0.44MnO2 and in the titanium-substituted solid-
olution compounds Li0.44Mn1−yTiyO2 (0 < y < 0.55). A large
ischarge capacity (>150 mAh g−1) was reported between 2.5
nd 4.8 V for all the Li/Li0.44Mn1−yTiyO2 cells [5]. Therefore,
t is clearly confirmed that the Li0.44MnO2 material is inter-
sting not only for its good cycle performance [4] but also for
ts high-voltage and high specific capacity [5]. However, the
xperimentally demonstrated capacity is still less than the theo-
etical capacity (193 mAh g−1) from a structural viewpoint [4];
herefore, we are continuing with our attempts to improve the
lectrochemical performance. In the present study, a careful opti-
ization of the ion-exchange conditions has been performed,

nd the specific capacity of Li0.44Mn1−yTiyO2-type positive
lectrode materials has been improved by an additional lithium-
nsertion reaction in molten LiNO3–LiOH at a low temperature.

. Experimental
First, the precursor Na0.44Mn1−yTiyO2 with y = 0, 0.055,
.11, and 0.22 was prepared in a method similar to that reported
reviously [5]. A mixture of Na2CO3, Mn2O3, and TiO2 in
he desired proportion was heated at 1000 ◦C in air. A starting

mailto:j.akimoto@aist.go.jp
dx.doi.org/10.1016/j.jpowsour.2007.06.042
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atio of Na/(Mn + Ti) = 0.5 was required to prevent the loss of
he sodium component by volatilization at high temperature.
he resultant specimens were reground, and the same tempera-

ure program sequences were repeated once again, respectively.
n the case of the preparation of Na0.44MnO2 (y = 0), the
ixture was heated at 900 ◦C because of the production of

he Na0.70MnO2 phase at higher temperatures, as previously
eported [5].

Sodium/lithium ion-exchange experiments were performed
sing a molten salt composed of a mixture of LiNO3 and LiCl at
70–300 ◦C for 10 h in air. In the present study, a further lithium-
nsertion treatment was accomplished by heating as-prepared
i0.44Mn1−yTiyO2 in molten LiNO3–LiOH at 270–300 ◦C for
0 h in air. After heat treatment, the reaction mixture was washed
ith distilled water and ethanol, and then dried at room temper-

ture. Hereafter, the samples obtained after the lithium-insertion
reatments are denoted as Li0.44+xMn1−yTiyO2 (0 < y < 0.22).

The phase purity and crystal structure of the obtained samples
ere characterized by the X-ray powder diffraction (XRD) pro-
les measured with Cu K� radiation using a Rigaku RINT2550V
iffractometer (operating conditions: 40 kV, 200 mA) equipped
ith a curved graphite monochromator. The XRD data were col-

ected for 1 s at each 0.02◦ step over a 2θ range from 5◦ to 120◦.
he computer program RIETAN-2000 was used for the Rietveld
nalysis [8].

The particle morphology and chemical composition were
nvestigated by scanning electron microscopy-energy dispersive
-ray analysis (SEM-EDX, JEOL JSM-5400). The chemical

nalysis of the Li, Na, Mn, and Ti contents was carried out
y inductively coupled plasma-atomic emission spectroscopy
ICP-AES) (Perkin Elmer, Inc., Optima 3000). The particle
hape and average particle size were characterized by BET spe-
ific surface area measurement (Micromeritics FlowSorb-2300)
nd using a particle size analyzer (Microtrac), respectively.

Charge and discharge tests were performed at 30 ◦C using a
ositive electrode, which consisted of the sample (20 mg), acety-
ene black (5 mg), and polytetrafluoroethylene (PTFE) powder
0.5 mg) between 2.5 and 4.8 V against a Li-metal negative
lectrode at a fixed current density of 30 mA g−1, which cor-
esponds to the C/6 rate with respect to the ideal capacity.
he electrochemical test cells were constructed with a stainless
teel coin-type configuration. The separator was a microporous
olypropylene sheet. A solution of 1 M LiPF6 in a 50:50 mixture
f ethylene carbonate (EC) and diethylcarbonate (DEC) by vol-
me (Tomiyama Pure Chemical Industries, Ltd., battery grade)
as used as the electrolyte. The cells were constructed in an

rgon-filled glove box.

. Results and discussion

.1. Synthesis

Fig. 1 shows the XRD patterns for the as-prepared

a0.44MnO2, ion-exchanged Li0.44MnO2, and lithium-inserted
i0.55MnO2 samples. All of the products were identified to be of
ingle phase with the Na0.44MnO2-type structure, an orthorhom-
ic crystal system, and space group Pbam [7]; this was confirmed

r
e
s
t

ig. 1. Observed (plus marks), calculated (solid line), and difference (bottom)
RD patterns for Na0.44MnO2, Li0.44MnO2, and lithium-inserted Li0.44+xMnO2

x = 0.11).

ot only for the ion-exchange samples but also the lithium-
nserted samples of the present study. Fig. 2 compares the typical
EM images obtained for the Na0.44MnO2, Li0.44MnO2, and

he lithium-inserted Li0.55MnO2 samples. The particle morphol-
gy and size remained nearly unchanged after the molten-salt
reatments. The average particle size (D50%) and the specific
urface area were determined to be 6.40 �m and 1.7 m2 g−1,
espectively, for the Li0.44MnO2 sample.

Table 1 lists the results of a chemical analysis of the
i0.44+xMn1−yTiyO2 samples by ICP-AES. As reported pre-
iously, the lithium content was in the range of 0.42–0.45 in
he as-prepared Li0.44Mn1−yTiyO2 samples [5]. On the other
and, the lithium content increased due to the lithium-insertion

eaction using the LiNO3–LiOH molten salt. This fact can be
xplained by the chemical lithiation of the Li0.44Mn1−yTiyO2
amples performed using LiOH as a reducing agent. In addition,
he lithium content, x, increased together with the Ti content, y,
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Fig. 2. SEM images of (a) Na0.44MnO2, (b) Li0.44MnO2, and (c) lithium-
inserted Li0.55MnO2 samples.

Table 1
Chemical compositiona of the products by ICP-AES analysis

Sample Li Na Mn Ti

Li0.44+xMnO2 (y = 0) 0.55 <0.001 1 –
Li0.44+xMn1−yTiyO2 (y = 0.055) 0.59 0.002 0.945 0.055
Li0.44+xMn1−yTiyO2 (y = 0.11) 0.69 0.002 0.89 0.11
Li0.44+xMn1−yTiyO2 (y = 0.22) 0.72 0.003 0.78 0.22

a The (Mn + Ti) content is fixed at 1.
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ig. 3. Lattice parameters vs. Ti content in the Li0.44+xMn1−yTiyO2 samples.

n the present samples, as seen in Table 1. At the same time,
he residual Na content increased with the Ti content in the
i0.44+xMn1−yTiyO2 samples. It should be noted that the Na
ontent in the Li0.55MnO2 sample was less than 0.001, which is
uch smaller than that in the as-prepared Li0.44MnO2 sample,

s reported previously [5].

.2. Crystal structures

The lattice parameters for the present Li0.44+xMn1−yTiyO2
amples were refined using the XRD data (Fig. 1) with the least-
quares method. Fig. 3 shows the lattice parameter versus the
i content in the present samples. All of the lattice parameters
radually increased with the substituted Ti content from y = 0 to
= 0.22. The lattice parameters obey Vegard’s law with an excel-

ent agreement, where these experimental results depend linearly
n the composition y. In addition, the a-axis lengths for these
i0.44+xMn1−yTiyO2 samples were apparently smaller than those

or the as-prepared Li0.44Mn1−yTiyO2 samples [4]. For example,
he a-axis length for the present Li0.44+xMn0.78Ti0.22O2 sam-
le (8.909 Å) was smaller than that for the Li0.44Mn0.78Ti0.22O2
ample (8.964 Å) reported previously [4]. This difference can be
xplained by a local structural change after the lithium-insertion
reatments, although the Na0.44MnO2-type framework structure

emained unchanged, as can be seen in Fig. 1.

Fig. 4 shows the crystal structures of Na0.44MnO2,
i0.44MnO2, and Li0.55MnO2 determined by the Rietveld analy-
is. The lithium positions could not be refined in the present XRD
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capacities were improved by the lithium-insertion treatments for
these compounds, in comparison with those of the as-prepared
Li0.44Mn1−yTiyO2 compounds measured at a similar current
density (30 mA g−1). The initial charge capacity increased from
Fig. 4. Crystal structures of (a) Na0.44M

nalysis. The crystal structure of Na0.44MnO2 consists of dou-
le and triple rutile-type chains of edge-sharing MnO6 octahedra
nd a single chain of edge-sharing MnO5 that shares vertices,
roducing a framework containing large and small tunnels along
he c-axis direction, with three types of Na ions located in the tun-
els [2,6]. From a structural viewpoint, the MnO5 coordination,
s shown using triangles in Fig. 4, is not suitable for the electro-
hemical insertion/extraction reaction because in many cases,
he five-coordinated Mn3+ cations could not change to Mn4+

pon delithiation. The additional Mn O distance in Na0.44MnO2
as determined to be 3.19 Å from the result of the Rietveld anal-
sis; this distance is too long for bonding. On the other hand,
he sixth Mn O distance decreased to 2.59 Å in Li0.44MnO2 and
o 2.63 Å in Li0.55MnO2. These values are close to the reported

n3+ O distance, e.g., 2.409 Å in NaMnO2 [9]. These results
ay suggest that all of the Mn sites are octahedrally coordi-

ated in these lithium ion-exchanged samples, maintaining the
riginal Na0.44MnO2-type framework structure.

The difference in the local structures between Li0.44MnO2
nd Li0.55MnO2 is clearly ascertained based on the shape of
he large tunnel space (Fig. 4). The expanded and distorted tun-
el shape observed in Na0.44MnO2 and Li0.44MnO2 has been
hanged to a condensed and simple double-rectangular one in
i0.55MnO2. This structural change may cause a rearrangement
f the lithium atoms in the tunnel space. Namely, the posi-
ions of the Li atoms in Li0.44MnO2 are the same those of the
a sites in Na0.44MnO2 [2], however, this oxygen-coordination
nvironment around the Li atoms is too large for the lithium
ite. Unfortunately, the precise positions of the Li atoms in
i0.55MnO2 could not be refined in the present XRD study. The
etailed crystal structure with an accurate lithium occupation in
, (b) Li0.44MnO2, and (c) Li0.55MnO2.

he tunnel spaces are currently being examined using neutron
iffraction data and will be reported in a subsequent paper.

.3. Electrochemical properties

Figs. 5–8 show the charge/discharge curves of the present
i0.44+xMn1−yTiyO2 samples starting from charging in the volt-
ge range between 2.5 and 4.8 V, with a fixed current density
f 30 mA g−1 (C/6) at 30 ◦C. Both the charge and discharge
Fig. 5. Charge and discharge curves for the Li/Li0.55MnO2 cell.
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Fig. 6. Charge and discharge curves for the Li/Li0.59Mn0.945Ti0.055O2 cell.
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Fig. 7. Charge and discharge curves for the Li/Li0.69Mn0.89Ti0.11O2 cell.

30 mAh g−1 (y = 0) to 145 mAh g−1 (y = 0.22) together with
he Ti content in these compounds. This fact is very consistent

ith the results of the chemical analysis for the lithium-

nserted samples (Table 1). In addition, the initial discharge
apacity improved together with the Ti content, as shown in

Fig. 8. Charge and discharge curves for the Li/Li0.72Mn0.78Ti0.22O2 cell.
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N
fi

F
i

ig. 9. Initial discharge curves for the Li/Li0.44MnO2, Li/Li0.55MnO2 and
i/Li0.72Mn0.78Ti0.22O2 cells.

igs. 5–8. The maximum discharge capacity that was achieved
as 180 mAh g−1 in the case of Li0.72Mn0.78Ti0.22O2. Above

his substitution level (y = 0.22), the discharge capacity grad-
ally decreased as the Ti content increased, as in the case of
i0.44Mn1−yTiyO2 [5]. Furthermore, the discharge curve also
hanged shape from a profile with two distinct plateaus (Fig. 5)
o a gradually sloping profile (Fig. 8) as the Ti content increased.
ven after ten charge/discharge cycles, the capacity remained at
55 mAh g−1, indicating an excellent cycling performance for
hese cells.

The initial discharge curves after charging up to 4.8 V for the
i/Li0.44MnO2, Li/Li0.55MnO2, and Li/Li0.72Mn0.78Ti0.22O2
ells are compared in Fig. 9. The initial discharge capacity was
uccessfully improved by the lithium-insertion treatment from
46 mAh g−1 in the Li/Li0.44MnO2 cell to 177 mAh g−1 in the
i/Li0.55MnO2 cell. The discharge capacity at the 4 V plateau

egion in the lithium-inserted Li0.55MnO2 (about 100 mAh g−1)
as improved to twice that in the as-prepared Li0.44MnO2 (about
0 mAh g−1).

Fig. 10 shows the XRD profile for the Li MnO electrode
0.55 2
fter the above-mentioned electrochemical cycling experiment.
o new peaks that suggest a spinel structure appear in this
gure, and the pattern is very similar to that of the original

ig. 10. XRD profiles of the sample after 10 charge/discharge cycles, and the
nitial Li0.55MnO2 as a reference.
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i0.55MnO2, indicating that the original tunnel structure (Fig. 4)
s retained after the electrochemical charge/discharge cycling.
rom these facts, the improvement of the discharge capacity
round 4 V in Li0.55MnO2 may be explained by the above-
entioned local structural change in the tunnel space together
ith the reconstruction of the Li occupations. Furthermore,

he XRD measurements after the electrochemical experiments
eveal that the original tunnel structure remains unchanged for
ll the Li0.44+xMn1−yTiyO2 electrodes in the present study.

. Conclusions

The electrochemical performance of Li0.44Mn1−yTiyO2
ith the Na0.44MnO2-type tunnel structure was success-

ully improved by an additional lithium-insertion treatment
sing molten LiNO3–LiOH salt at 270 ◦C. The discharge
apacity at the 4 V plateau region in the lithium-inserted
i0.55MnO2 was improved to twice that in the as-prepared
i0.44MnO2, accompanying a local structural change in the

unnel shape. The Li/Li0.44+xMn1−yTiyO2 cells exhibited good
harge/discharge performances with initial discharge capacities
f 173–180 mAh g−1 between 2.5 and 4.8 V. In particular, a grad-

ally sloping profile of the discharge curve between 2.5 and
.8 V was revealed for the Li/Li0.72Mn0.78Ti0.22O2 cell. These
acts indicate that the present lithium manganese oxides with the
unnel structure are promising candidates as future high-voltage
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[
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ositive electrodes for practical applications such as in electric
ehicles (EVs).
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