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ABSTRACT: A pseudoternary LiO0.5−NiO−MnO2 reaction phase
diagram was established using a combinatorial high-throughput
materials exploration process to find candidate electrode materials
for lithium ion secondary batteries. Each powder library was
prepared using our combinatorial wet process based on the
electrostatic spray deposition method and results obtained at various
firing temperatures in an air atmosphere and an oxide atmosphere. In
the air atmosphere, newly composed single phase regions of a
layered rock salt-type structure were only found around Li2MnO3 at
800 °C. On the other hand, in the oxide atmosphere, most of the
powder library showed the multiphase of the spinel and layered rock
salt type structure.
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1. INTRODUCTION

Layered rock salt type LiCoO2 is the most commercially used
cathode material for lithium ion secondary batteries. LiCoO2,
which is prepared using a solid state reaction at more than 800
°C, shows a discharge capacity of about 150 mAh/g and a good
cycle performance in the range of 2.5−4.5 V.1,2 However, the
electrode property drops if LiCoO2 must perform charge and
discharge in which the output is more than 150 mAh/g because
the thermal stability comes down when LiCoO2 is reacted in
excess of half of the electron reaction.3 LiNiO2 have also
studied as the cathode materials for lithium ion secondary
battery because the crystal structure showed the layered rock
salt structure same as LiCoO2. LiNiO2 shows a higher charge−
discharge capacity than LiCoO2. However, LiNiO2 shows lower
thermal and structure stability than LiCoO2 because amount of
the oxygen evolution, which is cause of the electrolyte
combustion under temperature up, is larger. To improve the
thermal and the structure stability of cathode materials, partially
Mn substituted Li−Ni oxides have studied as candidate cathode
materials since Mn4+ is stable and promising element of
preventing the oxygen evolution from structure. And, Yoshio et
al. reported that partly Mn-substituted LiNiO2 shows increased
stability.4

In this study, we established reaction phase diagrams on
pseudoternary Li−Ni−Mn oxides because some of these oxides
are promising cathode materials as they show higher capacity
and better cycle performance than LiCoO2. Figure 1 shows the
previously reported composition region of single phase of Li−
Ni−Mn oxides.5−8 Among pseudoternary Li−Ni−Mn oxides,
layered rock salt-type LiNi0.5Mn0.5O2 and spinel-type Li-
Ni0.5Mn1.5O4 are well-known as cathode materials for lithium
ion secondary batteries. LiNi0.5Mn0.5O2 has the same layered

rock salt type structure as LiCoO2. LiNi0.5Mn0.5O2 was able to
demonstrate greater than 150 mAh/g for its first discharge
capacity in the cutoff range of 2.8−4.3 V. The charge−discharge
curve of LiNi0.5Mn0.5O2 is very similar to LiCoO2 and LiNiO2,
and is able to maintain a cycle performance of more than 95%
up to 30 cycles.9 But it is difficult to prepare excellent
electroactive LiNi0.5Mn0.5O2 because its electrochemical proper-
ties strongly depend on cation mixing. And, the termal stability
is lower than spinel-type LiNi0.5Mn1.5O4. Spinel-type Li-
Ni0.5Mn1.5O4 shows an action potential around 5 V.10

Therefore, the Li-ion battery electrolyte have to be selected
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Figure 1. Solid-solution regions in pseudoternary LiO0.5−NiO−MnO2
phase diagram.
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from indissoluble materials. However, its discharge capacity is
110−130 mAh/g and lower than layered rock salt-type
LiNi0.5Mn0.5O2. In order to newly explore Li−Ni−Mn oxides
which can solve the above-mentioned problems, we tried to
establish a pseudoternary LiO0.5−NiO−MnO2 reaction phase
diagram and explore new layered rock salt- and spinel-type Li−
Ni−Mn oxides using our developed combinatorial high-
throughput materials preparation apparatus.11,12 In addition,
Li2MnO3 also shows good electrode property. First charge
capacity of Li2MnO3 was 309 mAh/g at 55 °C.13 Ni-
substututed Li2MnO3 type compounds are also promising
cathode materials if they are found from the established
reaction phase diagram.

2. EXPERIMENTAL PROCEDURES

A pseudoternary LiO0.5−NiO−MnO2 library was prepared
using the “M-ist Combi” combinatorial high-throughput
materials preparation apparatus based on the electro static
spray deposition method. The starting materials used were
LiNO3 (99.99%, Aldrich), Ni(NO3)2·6H2O (99.999%, Aldrich),
and Mn(NO3)2·xH2O (99.999%, Aldrich). Each nitrate was
adjusted to 0.2 mol/L by the mixing ethanol (C2H5OH, 99.5%,
Kanto Chemical) and buthyl carbitor (C4H9(OCH2CH2)2OH,

98.0%, Kanto Chemical). The mixture ratio of ethanol and
buthyl carbitor was 1:4. These solutions were set to the M-ist
Combi system, and each mixed solution using an applied high
voltage, was sprayed from a stainless steel nozzle to the
grounded and heated (400 °C) substrate. Each composition
ratio of the starting materials was controlled using our
developed software. The deposited powder library was then
heat-treated at 700−800 °C for 5 h in air or an O2 atmosphere.
The sintered powder library was evaluated using combinatorial
X-ray apparatus with Co or Cr−Kα radiation. The apparatus
consist of an X−Y−Z movable stage and the positive sensitive
proportional counter (PSPC). By using two modules, we were
able to obtain X-ray diffraction patterns in a short time. The
reaction phase diagram of pseudoternary LiO0.5−NiO−MnO2
was established based on the results of identification of the X-
ray diffraction pattern and chemical composition analysis.
Inductively coupled plasma emission spectroscopy (ICP) was
used for the chemical composition analysis.

3. RESULTS AND DISCUSSION

Figure 2 shows examples of powder X-ray diffraction patterns
of (LiO0.5)x−(NiO)y−(MnO2)z (0 ≤ x ≤ 0.8, 0 ≤ y ≤1.0, 0 ≤ z
≤1.0, x + y + z = 1) which were sintered at 800 °C for 5 h in air

Figure 2. Examples of powder X-ray diffraction patterns in pseudoternary LiO0.5−NiO−MnO2 compounds obtained at 800 °C for 5 h in air
atmosphere.

Figure 3. Examples of powder X-ray diffraction patterns in pseudoternary LiO0.5−NiO−MnO2 compounds obtained at 700 °C for 5 h in O2
atmosphere.
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atmosphere. From these X-ray diffraction patterns, we found
the layered rock salt-type Li2MnO3, Li0.68Ni1.32O2,

14 the
corrugated layered-type LiMnO2 and their isomorphs. The
single phase composition region of the powder library sintered
at 700 °C was only around the previously reported
LiNi1−xMnxO2 (0 ≤ x ≤ 1). The single-phase compounds at
800 °C demonstrated not only the single phase composition
region of 700 °C but also around Li2MnO3. And, most of the
powder library included NiO or Ni−Mn oxides as a secondary
phase. In addition, Figure 3 shows examples of powder X-ray
diffraction patterns of (LiO0.5)x−(NiO)y−(MnO2)z (0 ≤ x ≤
0.8, 0 ≤ y ≤ 1.0, 0 ≤ z ≤ 1.0, x + y + z = 1) which have been
sintered at 700 °C for 5 h in an oxide atmosphere, respectively.
From these X-ray diffraction patterns, we found not only
LiNiO2- and Li2MnO3-type structures but also LiMn2O4-type,

which hadn’t been obtained at 700 and 800 °C for 5 h in air
atmosphere. However, all powder showing the multiphase also
included NiO and MnO2.
Figure 4 shows the differences of initial composition

conditions and results of chemical analysis after heat-treated
at 800 °C for 5 h in air atmosphere. In comparison with the
initial feed condition of starting materials, the chemical
compositions of sintered powder showed a tendency to tilt
toward the center part of the reaction phase diagram. The cause
of this tendency was due to the working pressure of each
syringe pump in the M-ist Combi system as referred to by
Fujimoto et al.11,12 In the initial feed composition condition of
(LiO0.5)x−(NiO)y−(MnO2)z (x = 0.7−0.8, 0 ≤ y ≤ 0.3, 0 ≤ z
≤ 0.3, x + y + z = 1), the Li component of heat-treated powder
decreased more than 10% because a part of the Li element was
eliminated in the sintering process.
Figures 5 and 6 show the established reaction phase diagram

based on the phase identification of powder X-ray diffraction
patterns and the chemical analysis data using ICP apparatus,
respectively. The powder library heat-treated at 700 °C in an air
atmosphere showed the multiphase as above-mentioned. Also, a
layered rock salt type structure was observed under the
condition of x < 0.3, and a corrugated layered type structure
was observed in the region of x > 0.35. For the powder library
heat-treated at 800 °C, the corrugated layered type structure
was observed in the composition region of x ≥ 0.25. And,
single-phase of LiMnO2 type and Li2MnO3-type structure were
observed.
Figure 7 shows the reaction phase diagram of which the

powder library was heat-treated at 700 °C for 5 h in an oxygen
atmosphere. There were no new single phase compounds just
as with the result observed for the condition of air atmosphere.
However, regardless of multiphase, LiNiO2-type and LiMn2O4-
type compounds, which could not observed on the reaction
phase diagram at 700 °C for 5 h in air atmosphere, were clearly
observed from powder X-ray diffraction patterns. In this study,
we could not found single phase of LiNiO2-, LiMn2O4-, and
Li2MnO3-type compounds. So, we have to maintain to explore
the single phase of these compounds under various sintering
temperature.

Figure 4. Differences of initial composition condition and result of
chemical analysis after heat-treated at 800 °C for 5 h in air atmosphere.

Figure 5. Pseudoternary LiO0.5−NiO−MnO2 reaction phase diagram obtained at 700 °C for 5 h in air atmosphere.
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4. CONCLUSIONS

A pseudoternary LiO0.5−NiO−MnO2 powder library was
prepared by a M-ist Combi high-throughput materials
exploration system based on the electrostatic spray deposition
method. We obtained the results under conditions of air or
oxide atmosphere. According to the established reaction phase
diagram obtained at 700 °C in air atmosphere, most of the
powder library showed multiphase containing NiO. A part of
powder library obtained at 800 °C in air atmosphere showed
single phase for the corrugated layered- and layered rock salt-
type structure. On the other hand, for the established reaction
phase diagram obtained at 700 °C in an oxide atmosphere,
most of the powder library showed multiphase of the spinel-
and layered rock salt-type structure.
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