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Abstract

Lithium nickel manganese oxide of LiNi1/2Mn1/2O2, which is a one-to-one mixture of LiNiO2 and LiMnO2 in its chemical composition, has

been prepared by an improved processing method. Cycle tests of a lithium cell with LiNi1/2Mn1/2O2 operated in voltages of 2.5–4.5 V shows

about 200 mAh g�1 of rechargeable capacity without noticeable loss during 30 cycles. The thermal behavior of fully charged LiNi1/2Mn1/2O2

is also examined by differential scanning calorimetry (DSC) and shows that the exothermic reaction of &0.89Li0.11Ni1/2Mn1/2O2 (fully

charged state under this experimental condition) is milder than that of &NiO2 or &Mn2O4. The results on rate-capability tests of a Li/LiNi1/2-

Mn1/2O2 cell show that 85% of discharge capacity observed at low rate discharge can be stored and delivered at 1 h rate at present.
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1. Introduction

Lithium nickel manganese oxides have been of great

interest among material chemists for advanced lithium-ion

batteries [1–12]. Of these, LiNi1/2Mn1/2O2 is the most

attractive material [2]. In the previous paper [4], we have

reported the preliminary results on LiNi1/2Mn1/2O2. It was

difficult to prepare battery-active LiNi1/2Mn1/2O2 until the

chemical mismatch between LiNiO2 [13,14] and LiMnO2

[15–18] in their processing methods was adjusted. A major

breakthrough in this problem was to use nickel manganese

double hydroxides, i.e. one-to-one solid solutions of

Ni(OH)2 and Mn(OH)2, which have the same crystal struc-

ture. Manganese ions in nickel manganese double hydro-

xides are easily oxidized when wet, so that manganese oxide

contamination in the double hydroxide may lead to a

structural impurity in LiNi1/2Mn1/2O2. After analytical work

using TG/DTA, SEM, XRD and electrochemical examina-

tion, we have partially succeeded in improving the material

in terms of rechargeable capacity, rate capability, and cycle-

ability.

In this paper, we report on the structural and electroche-

mical properties of LiNi1/2Mn1/2O2 prepared by an improved

processing method.

2. Experimental

The starting material is a nickel manganese double hydro-

xide with an exact one-to-one ratio of Ni and Mn (MX-014-3;

Ni:Mn ¼ 1:005:0.995 in molar ratio) obtained from Tanaka

Chemical Corp., Japan. The double hydroxide was dehy-

drated at 400 8C and a nickel manganese double oxide was

obtained. LiNi1/2Mn1/2O2 was prepared by heating a reaction

mixture of LiOH and the double oxide at 1000 8C in air. The

samples were characterized by XRD (XD-3A, Shimadzu Co.,

Ltd.) with Cu Ka radiation. The system was equipped with a

diffracted graphite monochromator.

Electrochemical cells used were the same as described

previously [14]. Positive electrodes were prepared by cast-

ing a slurry of 88 wt.% LiNi1/2Mn1/2O2, 6 wt.% acetylene

black, and 6 wt.% PVdF dispersed in N-methyl-2-pyrroli-

done (NMP) on an aluminum foil with a blade. NMP was

evaporated at room temperature in air and then under

vacuum at 60 8C for 30 min, and finally the electrodes

(15 mm � 20 mm) were dried under vacuum at 150 8C for

14 h. Lithium metal was used as a negative electrode

(15 mm � 20 mm). Two sheets of polypropylene micro-

porous membrane (Celgard 2500) were used as a separator.

Electrolyte was 1 M LiPF6 dissolved in ethylene carbonate

(EC)/dimethyl carbonate (DMC) (3/7 v/v) solution. In

fabricating the cells, all materials except the electrolyte

and lithium metal were dried under vacuum at 60 8C for

at least 2 h to avoid possible contamination of water. For the
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electrochemical tests the current applied to the cell was

0.5 mA, which corresponds to a current density of

0.17 mA cm�2 unless otherwise noted.

For the differential scanning calorimetry (DSC) measure-

ments, LiNi1/2Mn1/2O2 was oxidized in lithium cells, for

which LiNi1/2Mn1/2O2 powder was pressed into a pellet

without the addition of any carbon or binder and used as

a positive electrode. After constant-current charge at

0.17 mA cm�2 a pellet was taken out of the cell, and the

electrolyte of 1 M LiPF6 EC/DEC (1/1 v/v) was wiped off

with a filter paper. A piece of crushed pellet was mechani-

cally sealed in an aluminum cell. The weight of the sample

loaded in an aluminum cell including the electrolyte was

estimated by weighing the aluminum cells with and without

the sample. The DSC signals, a heat flow in mW g�1 as a

function of temperature, were measured at a heating and

cooling rate of 5 8C min�1. Other sets of experimental

conditions are given in Section 3.

3. Results and discussion

Fig. 1 shows the XRD patterns of LiNi1/2Mn1/2O2,

LiNiO2, and Li2MnO3. Li2MnO3 can be identified as a

layered structure, i.e. Li[Li1/3Mn2/3]O2, while it is distorted

to a monoclinic lattice. As seen in Fig. 1(b), well-crystal-

lized LiNi1/2Mn1/2O2 can be prepared by heating the reac-

tion mixture at 1000 8C. All diffraction lines can be indexed

by assuming a hexagonal lattice. Lattice parameters

obtained for 11 LiNi1/2Mn1/2O2 samples showing the iden-

tical electrochemical reactivity with that reported here were

determined to be a ¼ 2:891ð2Þ Å and c ¼ 14:30ð1Þ Å in a

hexagonal setting. The parameters for each sample were

obtained by a least squares method using 15 diffraction

lines. Batch-to-batch variations of lattice parameters are

a ¼ 2:888–2.897 Å and c ¼ 14:289–14.315 Å for 11 sam-

ples. The c-axis dimension is above 14.25 Å, which is the

largest value among the layered LiMeO2 (Me: transition metal

ions) as far as we know. As can be seen in Fig. 1, the XRD

pattern of LiNi1/2Mn1/2O2 is closely related to that of LiNiO2,

not to that of Li[Li1/3Mn2/3]O2 having a distorted layered

structure. However, the strongest integrated intensity is the

(1 0 4) line among the diffraction lines for LiNi1/2Mn1/2O2,

not the (0 0 3) line, and the ratio I(0 0 3)/I(1 0 4) is observed to be

0.85. When we try to optimize the structure of LiNi1/2Mn1/2O2

assuming a space group of R�3m, 8–10% of displacement

between the transition metal ions at the 3(a) sites and lithium

ions at the 3(b) sites is necessary to adjust the intensities. A

battery-active form cannot be expected for a LiNi1/2Mn1/2O2

that consists of highly concentrated rock-salt domains in a

LiNiO2-structure as was discussed in detail [14].

The morphology of particles observed by SEM is shown

in Fig. 2. The particles re-crystallized at the heating tem-

perature of 1000 8C, and non-porous bodies with a smooth

crystal surface can be seen.

Fig. 3 shows the charge and discharge curves of lithium

cells with LiNi1/2Mn1/2O2 operated in different voltage ranges

at 0.17 mA cm�2. As shown in Fig. 3(c), when the charge-end

voltages were set to 5.0 V, the first charge capacity was

245 mAh g�1 based on LiNi1/2Mn1/2O2 sample weight, and

the first discharge capacity was 215 mAh g�1. About

30 mAh g�1 of charge capacity was lost during the first charge

and discharge. For subsequent cycles, the rechargeable capa-

city was about 210 mAh g�1 with about 99% of charge–

discharge coulombic efficiency. When the cell was operated

2.5–4.3 V, 170 mAh g�1 of rechargeable capacity was obser-

ved after the first cycle as seen in Fig. 3(a). Fig. 3(b) shows the

charge and discharge curves of a Li/LiNi1/2Mn1/2O2 cell

operated 2.5–4.5 V, in which the rechargeable capacity was

observed to be about 200 mAh g�1. The charge and discharge

Fig. 1. X-ray diffraction patterns of (a) LiNiO2, (b) LiNi1/2Mn1/2O2, and

(c) Li2MnO3 (Li[Li1/3Mn2/3]O2). Fig. 2. A SEM photograph of LiNi1/2Mn1/2O2.
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coulombic efficiencies are more than 99%. For the materials,

as with LiCoO2, LiNiO2, and so forth [14,19,20], the

rechargeable capacity faded rapidly when they were operated

in such a high voltage region.

In order to examine the electrochemical reactivity and

stability of LiNi1/2Mn1/2O2, 30-cycle tests were carried out

at low-rates. This is one of the most severe operating

conditions, because the material was exposed to potentials

above 4 V for a long time. As can be seen in Figs. 4 and 5, the

Li/LiNi1/2Mn1/2O2 cells show about 200 mAh g�1 of

rechargeable capacity without dramatic capacity fading

during 30 cycles.

Thermal behavior in the partially or fully charged state

with electrolyte solution is a key in considering positive-

electrode materials for advanced lithium-ion batteries in

addition to material stability at high voltage [21]. In order

to examine the thermal behavior of lithium nickel manga-

nese oxides, the DSC measurements of Li1�xNi1/2Mn1/2O2

(0 � x < 1) containing electrolyte were carried out. Fully

charged LiNi1/2Mn1/2O2 were prepared by the electroche-

mical oxidation of LiNi1/2Mn1/2O2 without the addition of

acetylene black and binder in non-aqueous lithium cells. The

degree of oxidation was calculated from charge capacity and

a theoretical capacity (280 mAh g�1) based on one-electron

transfer per a formula unit of LiNi1/2Mn1/2O2. A result on

&0.89Li0.11Ni1/2Mn1/2O2 (250 mAh g�1 of charge capacity)

is shown in Fig. 6. The DSC curves for &NiO2 and

&Mn2O4 with the electrolyte are also shown for compar-

ison. Both samples were chemically prepared by reacting

LiNiO2 or LiMn2O4 with 1 M HNO3 at room temperature.

We confirmed that almost all the lithium ions were extracted

from both samples by XRD and TG. As seen in Fig. 6(a),

&NiO2 shows an exothermic peak at 220 8C and an exother-

mic spike at 210 8C due to the reaction of organic electrolyte
Fig. 3. Charge and discharge curves of a Li/LiNi1/2Mn1/2O2 cell operated

in voltages of (a) 2.5–4.3 V, (b) 2.5–4.5 V, and (c) 2.5–5.0 V at a rate of

0.17 mA cm�2 at 30 8C.

Fig. 4. Charge and discharge curves of a Li/LiNi1/2Mn1/2O2 cell operated

in voltages of 2.5–4.5 V at a rate of 0.17 mA cm�2 for 30 cycles.

Fig. 5. Charge and discharge capacities as a function of cycle number for a

cell operated in voltages of 2.5–4.5 V as shown in Fig. 4. Closed and open

circles indicate charge and discharge capacities, respectively.
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with &NiO2. For &Mn2O4 an exothermic peak was

observed at 300 8C. For fully charged LiNi1/2Mn1/2O2, the

exothermic peak is much smaller than those of &NiO2 and

&Mn2O4 although the exothermic peak is almost the same

temperature as that observed for &NiO2.

Fig. 7 shows the results on rate-capability tests of a

Li/LiNi1/2Mn1/2O2 cell. Discharge currents were varied from

0.17 to 6 mA cm�2, which corresponds to the values of

11–397 mA g�1 based on the LiNi1/2Mn1/2O2 sample

weight. In other words, rate-capability tests were done for

various currents ranging from 18 (1/18C rate) to 0.5 h rate

(2C rate). In calculating C-rate, a rechargeable capacity of

200 mAh g�1 is assumed to be roughly equivalent to a

nominal capacity in a battery technology field. As can be

seen in these figures, LiNi1/2Mn1/2O2 is improved by this

method in terms of rate capability and rechargeable capacity

compared to the results on LiNi1/2Mn1/2O2 prepared by a

previous method [2,4].

In this paper, we have focused on the synthesis and

electrochemical characterization of LiNi1/2Mn1/2O2 for

advanced batteries. At present, the operating voltage of a

Li/LiNi1/2Mn1/2O2 cell is a little bit higher than that of a

Li/LiCo1/3Ni1/3Mn1/3O2 [3]. As far as these lithium insertion

materials are concerned, similarities and differences can be

seen in their electronic and crystal structures, which will be

presented in separate papers in near future. We believe that

LiNi1/2Mn1/2O2 will show higher capacity between 3.5 and

4.35 V versus Li than any other material reported so far,

including LiCo1/3Ni1/3Mn1/3O2, if LiNi1/2Mn1/2O2 is well

understood, designed and processed.
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