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Abstract

LiNi 0.5Mn0.5O2, LiNi 0.475Al 0.05Mn0.475O2, and LiNi0.5Mn0.45Ti0.05O2 were prepared via the emulsion drying method. The as-prepared mate-
rials showed different degrees of cation mixing. Rietveld refinement of X-ray diffraction data revealed that Al and Ti doping in LiNi0.5Mn0.5O2

was significantly effective to decrease the cation mixing in the octahedral Li layers. The cation mixing consequently affected to the charge and
discharge capacities. The irreversible capacity was the smallest for the Al doped LiNiMn O , which showed the smallest cation mixing. Al
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nd Ti doped LiNi0.5Mn0.5O2 delivered a stable capacity of about 175 mAh g−1 with high reversibility. Such higher capacities were poss
o be obtained by the achievement of structural stabilization and enhancement of structural integrity by Al and Ti doping in LiNi0.5Mn0.5O2.

2005 Elsevier B.V. All rights reserved.
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. Introduction

LiMO2 (M = Co, Ni, Mn) is of great interest for application
n rechargeable Li-ion battery system. Even though LiNiO2
xhibits relatively higher capacity, the material shows irre-
ersible phase transitions during charge and discharge, which
ay cause capacity decrease on cycling. Also, the exothermic
ecomposition of LiNiO2 in a highly oxidized state at higher

emperature (∼200◦C) raises greater safety concerns[1].
Recently, LiNi0.5Mn0.5O2 was introduced by Ohzuku

nd Makimura [2] and Dahn and coworkers[3]. They
uggested that the average oxidation state of Ni and Mn
n LiNi 0.5Mn0.5O2 are 2+ and 4+, respectively, and the
lectrochemical reaction is mainly based on Ni2+/4+ re-
ox couple between 2.5 and 4.6 V versus Li0. Because the

∗ Corresponding author. Present address: Tokyo University of Science,
hinjuku, Tokyo 162 8601, Japan. Tel.: +81 3 5228 8749;

ax: +81 3 5228 8749.
E-mail address:komaba@rs.kagu.tus.ac.jp (S. Komaba).

1 Present address: VK Corporation, 67 Jije-Dong, Pyongtaek-City,
yonggi-Do 450-090, South Korea.

electrochemically inactive Mn4+ provides structural stabilit
by stable electronic configuration like Li2MnO3–NiO solid
solution, the material shows a stable high capacity of a
150 mAh g−1, good cyclability, and thermal stability up
cycling in the voltage range.

However, it was known that powder preparation
LiNi 0.5Mn0.5O2 is not so easy by a conventional cera
method. In order to synthesize LiNi0.5Mn0.5O2, most of re
search groups have selected co-precipitation method to
pare double-transition hydroxide, i.e., Ni0.5Mn0.5(OH)2 as a
precursor. Purity of a large amount of transition metal do
hydroxide as a precursor played a significant role to de
the quality of the targeted materials.

In this work, the process of the metal double hydr
ide preparation was successfully replaced by employin
emulsion drying method, as we reported systematically.
viously, we have successfully prepared the wide solid
lution range of spinel type LiAlxMn2−xO4 [4] and layered
LiMnxCr1−xO2 [5]. Here, we report on powder structural a
electrochemistry of layered Al and Ti doped LiNi0.5Mn0.5O2
prepared by the emulsion drying method.
378-7753/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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2. Experimental

Al and Ti doped LiNi0.5Mn0.5O2 powders were pre-
pared by the emulsion drying method. We previously
reported details of the emulsion drying method[6]. Start-
ing materials used for the synthesis of Al and Ti doped
LiNi 0.5Mn0.5O2 were LiNO3 (Kanto), Mn(NO3)2·6H2O
(Kanto), Ni(NO3)2·6H2O (Kanto), Al(NO3)3·9H2O (Kanto),
and Ti[OCH(CH3)2]4 (Aldrich). In the starting emulsion,
the atomic ratios of Li/(Ni + Mn), Li/(Ni + Mn + Al) and
Li/(Ni + Mn + Ti) were 1.25. The obtained powder precursors
were preliminary annealed at 400◦C for 6 h in air to oxidize
MnII into MnIV , because the average oxidation state of start-
ing Mn source was 2+. And then, it was calcined at 950◦C for
12 h in air. The resulting powders were thoroughly washed
with distilled water to remove residual lithium salt, then dried
at 110◦C. To understand structure of the prepared materials,
X-ray powder diffraction (XRD) measurements were carried
out using a K� radiation of Rigaku Rint 2200 diffractormeter.
The collected intensity data of XRD were analyzed by the
Rietveld refinement program, Fullprof 2000[7].

For electrode preparation, the prepared powders from
the emulsion-dried precursor were mixed with 5 wt.%
of graphite, 10 wt.% of acetylene black and 5 wt.% of
polyvinylidene fluoride binder inN-methyl pyrrolidinone un-
til a slurry was obtained. The slurry was pasted onto Al foil,
a l-
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Fig. 1. Rietveld refinement XRD patterns of (a) LiNi0.475Al0.05Mn0.475O2

and (b) LiNi0.5Mn0.45Ti0.05O2 calcined at 950◦C for 12 h in air.

resulting XRD peaks are quite narrow, which indicates high
crystallinity. The prepared materials have�-NaFeO2 struc-
ture (space group:R3̄m) and can be indexed as hexagonal
lattice. In all cases, a single phase was observed. From chem-
ical analyses by atomic absorption spectroscopy, it was found
that the final products have stoichiometric compositions. For
the refinements, it was supposed that Ni2+ located at 3a sites
can exchange the sites with Li+ occupied at 3b site due to
similarity of their ionic radii (Li+: 0.69Å, Ni2+: 0.76Å [8]).
A possibility of the cation mixing was excluded for other el-
ements due to difference in the ionic radii. As can be seen
in Fig. 1, the observed and calculated patterns match well
for the Al and Ti doped LiNi0.5Mn0.5O2. The integrated in-
tensity ratios ofI0 0 3/I1 0 4 were 0.993, 0.984 and 0.955 for
Al and Ti doped and undoped ones, that is, the highest was
obtained for the Al doped sample inFig. 1a, which indicates
the lower cation mixing as it was also proved by Rietveld
refinement inTable 1. This implies that the cation mixing
could be suppressed by Al and Ti replacements. According
to the Gibbs free energies of the formation at 298 K[9], it is

Table 1
Structural parameters of LiNi0.5Mn0.5O2, LiNi 0.475Al0.05Mn0.475O2, and
LiNi 0.5Mn0.45Ti0.05O2 calcined at 950◦C for 12 h in air

Composition a (Å) c (Å) Ni2+ in Li
layer (%)

Rwp

(%)

L
L
L

nd the electrodes were dried at 120◦C for 1 h, and then rol
ressed and dried at 80◦C for 1 day under vacuum state. F
lectrochemical investigation, a coin-type cell (2032) c
isted of cathode, lithium foil as an anode, separator and
iPF6 in ethylene carbonate:diethylcarbonate (2:1 in volu
s an electrolyte. The assembly of the cells was carrie

n an Ar-filled glove box. The cells were firstly charged, a
hen discharged between 4.6 and 2.7 V versus Li0 with cur-
ent densities of 20 mA g−1 at 25◦C.

In situ XRD data were obtained using a Rigaku Rint 2
iffractormeter from 2θ = 10◦ to 70◦, with a step size of 0.03◦
nd a count time of 5 s. The in situ cell and attachment

abricated by Rigaku Inc., with a polypropylene film wind
tted in the base of the cell to avoid the corrosion of a c
entional beryllium window at higher potentials. The cell w
harged and discharged with a current density of 20 mA−1

C/7). The lattice parameters were calculated by the fol
ng method: the positions of the individual peaks were fi
ith a psuedo-Voigt or Lorentz function, and typically 30
5 peak positions were input to fit the program which m
izes the least-squares difference between the calculate
easured peak positions by adjusting the lattice constan

he vertical displacement of the sample.

. Results and discussion

Fig. 1 and Table 1show Rietveld refinement results
RD patterns of the synthesized powders; LiNi0.5Mn0.5O2,
iNi 0.475Al0.05Mn0.475O2, and LiNi0.5Mn0.45Ti0.05O2. The
iNi 0.5Mn0.5O2 2.887 (7) 14.286 (11) 9.8 13.5
iNi 0.475Al0.05Mn0.475O2 2.875 (2) 14.265 (11) 4.8 11.3
iNi 0.5Mn0.45Ti0.05O2 2.889 (11) 14.300 (15) 5.1 4.70
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able to deduce that the metal–oxygen bonding strength would
be Al O > Ti O > Mn O > Ni O. Therefore, the stronger
bonding stabilizes the host structure, resulting in enhance-
ment of structural integrity.

Lattice parameters are greatly dependent on the doping
elements inTable 1. Al doping resulted in decrease in botha-
andc-axes. On the contrary, Mn replacement by Ti brought
about increase in botha- andc-axes. It is closely related to the
ionic radii of dopants; Al and Ti. Ionic radii can be summa-
rize as follow: Li+ = 0.76Å, Ni2+ = 0.69Å, Al 3+ = 0.535Å,
Mn4+ = 0.530Å, Ti4+ = 0.60Å [8]. By consideration of the
ionic radii, such variations in lattice parameters inTable 1are
fairly reasonable, obeying Vegard’s law. This indicates that
the emulsion drying method is effective synthetic method to
prepare lithiated transition metal oxides.

Electrochemical properties of the prepared LiNi0.5Mn0.5
O2, LiNi 0.475Al0.05Mn0.475O2, and LiNi0.5Mn0.45Ti0.05O2
were examined. The charge–discharge profiles between 2.7
and 4.6 V versus Li0 by applying 20 mA g−1 at 25◦C were
shown inFig. 2a–c. As shown inFig. 2, all the samples ini-
tially delivered higher charge capacity over 200 mAh g−1.
However, the discharge capacity was dependent on the com-
position. LiNi0.5Mn0.5O2 had an initial capacity of about
155 mAh g−1. More badly, the capacity gradually faded to
130 mAh g−1 by electrochemical cycling. On contrast, Al
and Ti doped samples delivered higher discharge capacity
o in-
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Ni and Ti doped LiNi0.5Mn0.5O2, however, the cation mix-
ing in the Li layer was suppressed effectively so that Li+ ions
would be less blocked by Ni2+ ions, resulting in high capacity
retention shown inFig. 2b and c. Therefore, it was found that
the enhancement of structural integrity by Al and Ti doping
LiNi 0.5Mn0.5O2 made possible to be highly reversible Li+

de-/intercalation during cycling.
Fig. 3 illustrates in situ XRD patterns during the ini-

tial charge and discharge for LiNi0.475Al0.05Mn0.475O2,
and LiNi0.5Mn0.45Ti0.05O2. For the measurements, a con-
stant current (20 mA g−1) was applied across the cath-
ode. Though the XRD pattern of LiNi0.5Mn0.5O2 was not
shown here, the resulting diffraction patterns were simi-
lar to that of LiNi0.5Mn0.45Ti0.05O2. One striking feature
is the variation in (0 0l) plane of LiNi0.475Al0.05Mn0.475O2
as a function of Li contents, comparing to LiNi0.5Mn0.5O2
and LiNi0.5Mn0.45Ti0.05O2. The plane gradually moved to-
ward lower angle during Li+ extraction and it reversibly
returned to higher angle by Li+ insertion in Fig. 3a. For
LiNi 0.5Mn0.45Ti0.05O2, however, the (0 0l) plane first moved
to lower angle and one point the plane moved back to higher
angle in charge and discharge inFig. 3b.

Such behaviors can be seen much clearly in the varia-
tion in c-axis shown inFig. 4. For Al doped sample, the
c-axis varies monotonously during Li+ de-/intercalation. The
similar behavior was also observed in Al doped LiCoO,

Fig. 3. In situ XRD patterns obtained during the initial deinterca-
lation and intercalation of (a) Li1−δNi0.475Al0.05Mn0.475O2 and (b)
Li1−δNi0.5Mn0.45Ti0.05O2. The applied current density was 20 mA g−1 at
25◦C.
f about 175 mAh g−1 and the higher capacities were ma
ained during cycling. The coulombic efficiencies of the
ycle were about 73%, 88%, and 78% for LiNi0.5Mn0.5O2,
iNi 0.475Al0.05Mn0.475O2, and LiNi0.5Mn0.45Ti0.05O2, re-
pectively. It seems that such properties are related to c
ixing in the host structure. Because Ni2+ ions are located a
ctahedral Li sites so that the Ni2+ ions can block Li+ interca-

ation and diffusion. Since the progressive blocking of Li+ mi-
ration by Ni2+ in the Li layer exists, as can be seen inFig. 2a,

here was a gradual capacity fading for LiNi0.5Mn0.5O2. For

ig. 2. Continuous charge–discharge curves of (a) LiNi0.5Mn0.5O2, (b)
iNi 0.475Al0.05Mn0.475O2 and (c) LiNi0.5Mn0.45Ti0.05O2. The applied cur
ent density was 20 mA g−1 at 25◦C.
2
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Fig. 4. Variation in lattice parameters of LiNi0.5Mn0.5O2, LiNi 0.475Al0.05

Mn0.475O2 and LiNi0.5Mn0.45Ti0.05O2 as a function of Li content during the
first cycle.

as we previously reported[10]. For LiNi0.5Mn0.5O2 and
LiNi 0.5Mn0.45Ti0.05O2, however, thec-axis constant in-
creased by when 0.5 mol of Li+ was extracted. Then, the value
of axis parameter decreased in the first charge. The similar
variation was also observed in Mn based LiMnxCr1−xO2 [5].
The increase in thec-axis parameter is due to the increase in
coulombic (electrostatic) repulsion force between oxygen-
oxygen layers by ionic bond character. And, the decrease in
the c-axis parameter at highly oxidized state is probably due
to the formation of covalent bond between transition metal
and oxygen resulting in less electrostatic repulsion between
the oxygen–oxygen layers to contract the structure so that the
c-axis parameter decreased drastically at the highly oxidized
state. This structural change may be not preferable for cycle
life in a practical cell, because the abrupt changes in thec-axis
would be stressful in the host structure and this, in turn, give
rise a gradual or slow capacity fading as shown inFig. 2a and
c, comparing toFig. 2b. One interesting thing is that the phe-
nomena is observed in the Al doped LiNi0.5Mn0.5O2. Only a
small amount of Al doping in LiNi0.5Mn0.5O2 led the ionic
bond dominantly during Li+ de/intercalation process. Other
composition also shows ionic bond dominantly[10–12]. Fur-
thermore, the changes ina- andc-axes were smaller by Al
and Ti doping in LiNi0.5Mn0.5O2 in Table 2. It is likely that
the bonding energy of MO would be interacted with the Al
and Ti dopings so that the stronger bonding may effect to the
c i-
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lar effect on spinel LiAlxMn2−xO4 system[4]. The dramatic
changes in thea- andc-axes may result from the high degree
of cation mixing. The reason why Al doped sample shows a
strong ionic bond character during charge and discharge is
not clear at this time. Further extensive studies are necessary
to elucidate this phenomenon.

4. Conclusion

By calcination of the emulsion-dried precursor at
950◦C for 12 h, it was able to obtain high crys-
talline LiNi0.5Mn0.5O2, LiNi 0.475Al0.05Mn0.475O2, and
LiNi 0.5Mn0.45Ti0.05O2. Rietveld refinements revealed that
the Al and Ti substitution could reduce the cation mixing
of LiNi 0.5Mn0.5O2. The reduced cation mixing overcame the
initial irreversibility, which is one of the main disadvantages
of the parent compound. The effect consequently affected to
the enhancement on the cycling performances. That is, higher
capacities were retained upon cycling for Al and Ti doped
LiNi 0.5Mn0.5O2. In situ XRD results showed that Al and Ti
doped samples resulted in smaller lattice variation during Li+

extraction and insertion due to the achievement of structural
stabilization and enhancement of structural integrity. There-
fore, it is concluded that Al and Ti doping in LiNi0.5Mn0.5O2
lattice has positive effect in respect to reduced cation mix-
i t on
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onstraint of movement of MO, as we reported the sim

able 2
ifference of a and c axes,�aand�c, respectively, during the first chargi
f LiNi 0.5Mn0.5O2, LiNi 0.475Al0.05Mn0.475O2 and LiNi0.5Mn0.45Ti0.05O2

lectrodes

lectrode �a (Å) �c (Å)

iNi 0.5Mn0.5O2 0.051 (6) 0.171 (14
iNi 0.475Al0.05Mn0.475O2 0.046 (7) 0.137 (12
iNi 0.5Mn0.45Ti0.05O2 0.043 (7) 0.165 (9)
ng and structural stabilization which consequently effec
mprovement on capacity and its retention.
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