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Abstract

Layered Li[Ni0.5Mn0.5]O2 materials with high homogeneity and crystallinity were prepared using high speed ball milling. The

Li[Ni0.5Mn0.5]O2 electrode delivered a high discharge capacity of 152 mA h g�1 between 2.8 and 4.3 V with excellent cycleability.

The TEM analysis showed that the Li[Ni0.5Mn0.5]O2 electrode went through a considerable morphological change without altering

its initial layered structure while the electrode retained its initial discharge capacity even after 50 cycles.

# 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In the last 10 years, various lithiated transition metal

oxides have been synthesized and investigated as alter-

native cathode materials for secondary lithium second-

ary batteries to replace the widely used LiCoO2 material.

Obviously, LiCoO2 is an excellent cathode material with

good capacity, reversibility and rate capability, but

suffers from the high cost and relatively toxicity of

cobalt. Therefore, the research in this area has focused

mainly on LiMn2O4 and LiMO2 (M�/Ni and Mn)

compounds [1�/3]. LiMn2O4 has a smaller capacity

compared with LiCoO2, and a poor cycling behavior

at elevated temperatures, e.g. at 55 8C [4,5]. LiNiO2 has

been one of the most attractive material because of its

low cost and larger capacity compared with LiCoO2.

However, LiNiO2 has severe problems associated with

preparing phase-pure material, the poor electrochemical

performance, and thermal instability in organic electro-

lytes in charged state [6]. As an alternative Li�/Mn�/O

material to the spinel LiMn2O4, the layered LiMnO2

structure has been actively studied due to its high
theoretical discharge capacity of 285 mA h g�1 [7�/9].

LiMnO2 was observed to undergo a detrimental phase

transformation to a spinel-like phase through minor

atomic rearrangements during the first removal and

subsequent cycling of Li, leading to eventual degrada-

tion of electrode performance [10,11]. Recently, a

concept of a one-to-one solid state mixture of LiNiO2

and LiMnO2, i.e. Li[Ni0.5Mn0.5]O2, was adopted by
Ohzuku and Makimura [12] to overcome the disadvan-

tages of both LiNiO2 and LiMnO2.

In this paper, a layered Li[Ni0.5Mn0.5]O2 material was

prepared using the solid-state reaction method and its

electrochemical properties in conjunction with the

microstructural changes during electrochemical cycling

were studied.

2. Experimental

LiOH �/H2O (Aldrich Chemical Co.), Ni(OH)2 (Junsei

Chemical Co.) and g-MnOOH (Sedema Chemical Co.)
were used as the precursor materials. Li[Ni0.5Mn0.5]O2

powders were prepared by solid-state reaction method

using a 8005 zirconia ceramic vial set. Stoichiometric
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amounts of Ni(OH)2 and MnOOH were placed in the

zirconia vial with zirconia balls and mixed for 1 h using

on a Spex 8000M Mixer/Mill after which pellets were

pressed from the powder. The pellets were heated at
600 8C in air for 48 h and ground in a agate mortar. The

ground powder was mixed with the appropriate amount

of LiOH �/H2O in the zirconia ceramic vial set for 1 h.

The powders were pressed again, and heated at 950 8C
for 20 h in air, and then quenched to room temperature.

Powder X-ray diffractions (Rigaku, Rint-2000) using

CuKa radiation was used to identify the crystalline

phase of the as-prepared powders. Structure of the
powder before and after cycling was also observed using

transmission electron microscopy (TEM, JEOL 2010).

Charge�/discharge cycles were performed in CR2032

coin type cells. The cell consisted of a cathode and a

lithium metal anode separated by a porous polypropy-

lene film. For the fabrication of the electrode, the

mixture, which contained 20 mg of Li[Ni0.5Mn0.5]O2

powders and 12 mg conducting binder (8 mg of
teflonized acetylene black (TAB) and 4 mg of graphite),

was pressed on a 2.0 cm2 stainless screen at 500 kg

cm�2. The electrolyte was a 1:2 mixture of ethylene

carbonate (EC) and dimethyl carbonate (DMC) con-

taining 1 M LiPF6 by volume.

3. Result and discussion

Fig. 1 shows the X-ray diffraction pattern of

Li[Ni0.5Mn0.5]O2 powder with the Miller indices indi-

cated. All of the peaks were indexed based on the space
group, R3m . Judging from the XRD pattern alone, the

as-prepared powders were composed of a single phase

with the layered LiMnO2 structure and the diffraction

peaks, in general, were quite narrow indicating a good

crystallinity of the prepared material. The peaks be-

tween 20 and 258 in Fig. 1 were generated by superlattice

ordering of the transition metals in the 3a site, indicating

a layered structure with the Li2MnO3 character [13]. The

lattice constants, a and c , of the as-prepared

Li[Ni0.5Mn0.5]O2 were 2.887 and 14.262 Å, respectively.

The measured c /a ratio of Li[Ni0.5Mn0.5]O2 is 4.96,

which closely matches the values from ideal hexagonal

structure (4.96�/4.97).

Fig. 2 shows the charge�/discharge curves for the Li/

Li[Ni0.5Mn0.5]O2 cell as a function of cycle number

between 2.8 and 4.3 V at a constant current density of

0.1 mA cm�2 (10 mA g�1) and 30 8C. The

Li[Ni0.5Mn0.5]O2 electrode delivers an initial discharge

capacity of 152 mA h g�1 and shows excellent cycle-

ability without any capacity loss after 50 cycles. It is also

observed that their charge�/discharge curves do not

change even after 50 cycles.

The charge�/discharge curves of the Li/

Li[Ni0.5Mn0.5]O2 cell cycled in different voltage ranges

are shown in Fig. 3(a); corresponding discharge capa-

cities are shown in Fig. 3(b). The electrochemical cycles

were carried out at a constant current density of 0.1 mA

cm�2 (10 mA g�1) at 30 8C. The Li/Li[Ni0.5Mn0.5]O2

cell had very smooth and monotonous voltage profiles,

closely resembling the voltage profile reported by other

researchers [12,13]. It is noted that the charge�/discharge

curves did not change even after increasing upper cut-off

voltage to 4.6 V. The discharge capacity increased

linearly with the upper cut-off voltage limit. In the

2.8�/4.3 V voltage range, the discharge capacities of the

Li[Ni0.5Mn0.5]O2 electrode remained around 150 mA h

g�1 during cycling. Upon increasing the upper cut-off

voltage to 4.6 V, the measured discharge capacity rose to

190 mA h g�1 with no observable capacity loss during

cycling.

In Fig. 4 is the XRD pattern obtained from the

Li[Ni0.5Mn0.5]O2 electrode after 50 cycles at 2.8 and 4.3

V. Comparing the XRD patterns in Figs. 1 and 4, no

significant structural change was observed after electro-

chemically. TEM characterization, however, showed

that the Li[Ni0.5Mn0.5]O2 powders underwent a con-

Fig. 1. X-ray diffraction pattern of the as-prepared Li[Ni0.5Mn0.5]O2

powder.

Fig. 2. Charge�/discharge curves of the Li/Li[Ni0.5Mn0.5]O2 cell at a

current density of 0.1 mA cm�2 (10 mA g�1) between 2.8 and 4.3 V at

30 8C.
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siderable morphological change after electrochemical

cycling in spite of the structural stability observed with

XRD. Shown in Fig. 5 are the bright field TEM image

and electron diffraction pattern of the as-prepared

Li[Ni0.5Mn0.5]O2 powders. Even though the XRD

pattern in Fig. 1 indicated the as-prepared powders

were a single phase with the layered structure, Fig. 5(a)

shows that the as-prepared powders mostly consisted of

uniformly sized particles (below 100 nm) with the

rhomobohedral structure intermixed with 300�/400 nm

sized particles belonging to the spinel structure (con-

firmed with the single crystal electron diffraction). Since

volume fraction of the spinel structure was compara-

tively small, we expect the spinel particles to have little

bearing on the electrochemical properties of the as-

prepared powders. In Fig. 5(b) is the electron diffraction

pattern from the smaller particles, which matched the

XRD pattern in Fig. 1 quite well in both intensities and

peak locations, suggesting that the as-prepared material

indeed had the rhombohedral structure.

TEM image of the cycled electrode in Fig. 6(a) was

strikingly different from Fig. 5(a). The 100 nm sized

particles could no longer be observed in the cycled

electrode; instead, the particles were converted into

much larger particles whose ranged up to 500�/600 nm.

Using the selected area diffraction, crystallographic

structure of these large particles were confirmed to

belong to the rhombohedral structure in agreement with

the XRD data in Fig. 4. A representative single crystal

diffraction pattern in 110 zone of the rhombohedral

structure is shown in Fig. 6(b). Comparing the TEM

images in Figs. 5 and 6 suggests that the

Li[Ni0.5Mn0.5]O2 powder underwent a substantial

change in the particle morphology while the initial

Fig. 3. (a) Charge�/discharge curves of Li/Li[Ni0.5Mn0.5]O2 cells in

different voltage ranges at a current density of 0.1 mA cm�2 (10 mA

g�1) at 30 8C. (b) Specific discharge capacity of Li/Li[Ni0.5Mn0.5]O2

cell as a function of number of cycle.: A, 2.8�/4.3 V; B, 2.8�/4.4 V; C,

2.8�/4.5 V; D, 2.8�/4.6 V.

Fig. 4. X-ray diffraction patterns of the Li[Ni0.5Mn0.5]O2 electrode

after cycled at a current density of 0.1 mA cm�2 (10 mA g�1) between

2.8 and 4.3 V at 30 8C.

Fig. 5. (a) Bright field TEM image of the as-prepared Li[Ni0.5Mn0.5]O2

powders (spinel particles are indicated by arrows); (b) electron

diffraction pattern from the 100 nm sized particles.
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layered structure was well retained during cycling in

spite of the particle agglomeration and growth.

Although it is not clear how the as-prepared powders
grew in size, the TEM analysis clearly showed that the

Li[Ni0.5Mn0.5]O2 powders prepared by solid-state reac-

tion method went through a major morphological

change, without altering its initial layered structure

during cycling. Unlike the previous result on the similar

material prepared through a different route, our cathode

material also well maintained its discharge capacity in

spite of the observed morphological change during
cycling.

4. Conclusions

We demonstrated that solid-state reaction method can

be used to synthesize well-crystallized and uniformly

sized Li[Ni0.5Mn0.5]O2 powders. The prepared cathode

well maintained its high discharge capacity of 152 mA h

g�1 in spite of the morphological alteration experienced

during cycling from 2.6 to 4.3 V.
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