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a b s t r a c t
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1. Introduction

Due to the relatively low practical capacities of current com-

ercial cathode materials, it is necessary to develop new cathode
aterials with a high reversible capacity in order to meet the

equirement for the electric vehicles (EVs) or hybrid electric vehi-
les (HEVs) in the near future. Recently, a solid solution system,
i2MnO3–LiNi0.5−xMn0.5−xCo2xO2, which could be considered as a
ithium-rich layered material, has drawn much attention due to
ts extraordinarily high capacity [1–3]. The origin of the anoma-
ously high capacity of this system had been ascribed to the
act that the electrochemically inert Li2MnO3 would transform
nto the electrochemically active MnO2 after both lithium and
xygen are simultaneously extracted from the lattice during the
nitial charge process when the electrode was charged above 4.5 V,
nd the resulting MnO2 could participate not only the following
ischarge–charge process, but could also function as a structural
nit to stabilize the structure over a wide composition range, and
onsequently, could exhibit a high capacity [3]. So far, the inves-
igations have mainly focused on the preparation conditions [2],
tructural details and electrochemical behavior [3]. Only a few stud-
es have been done on the cyclic performance, although it has been
eported that the cyclic performance was not satisfactory [4,5].
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se–cobalt oxide, Li[Ni0.17Li0.2Co0.07Mn0.56]O2, was prepared by a co-
clic behavior at a high potential was investigated. The as-prepared material
n its initial several cycles when it was operated above 4.5 V, which could
gh a pre-cycling treatment. Its reversible capacity in the range of 4.8–2 V
250 mAh g−1 after 50 cycle through a stepped pre-cycling treatment.

© 2008 Elsevier B.V. All rights reserved.

In this study, we prepared Li[Ni0.17Li0.2Co0.07Mn0.56]O2, which
could be re-written as (6/15)Li2MnO3 (or (9/15)Li[Li1/3Mn2/3]O2)·
(5/15)LiNi0.5Mn0.5O2·(1/15)LiCoO2, by a co-precipitation method
and proposed a new approach to improve its high-voltage cyclic
performance by an electrochemical pre-treatment, which is com-
pletely different from the traditional methods such as a surface

modification by oxide coating [6] or fluorinating treatment
[7].

2. Experimental

The preparation of the Li[Ni0.17Li0.2Co0.07Mn0.56]O2 was done by
mixing the Ni–Mn–Co precursor with the LiOH·H2O. The Ni–Mn–Co
precursor was prepared by co-precipitation using NiSO4·6H2O,
CoSO4·7H2O and MnSO4·5H2O as the starting materials, and
2 mol L−1 Na2CO3 and 0.2 mol L−1 NH4OH solutions as the precip-
itation agents. The stoichiometric starting materials were initially
dissolved in distilled water to form a 2-mol L−1 solution, and then
the precipitation agents as droplets were introduced to obtain the
composited carbonate precursor. The obtained precursor was dried
at 120 ◦C for 5 h, and then sintered at 500 ◦C for 5 h. After thoroughly
mixing the pre-annealed precursor with the LiOH·H2O, the mixture
was pressed into pellets. After the pellets were sintered at 900 ◦C
in air for 12 h, they were dropped into liquid N2 for quenching.

XRD measurements were carried out using a Rigaku Rint1000
diffractometer equipped with a monochromator and a Cu target
tube.
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lowing several cycles, and the retained discharged capacities after
50 cycles were about 200 mAh g−1 regardless of the cut-off volt-
ages. The capacity retention ratios were 83, 74, and 69% for the
cells charged to 4.6, 47, and 4.8 V, respectively.

If the cells were initially pre-cycled at 4.5 V at a current den-
sity of 0.2 cm−2 (20 mA g−1) for several cycles (herein, 5 cycles),
then increasing the cut-off voltage to 4.6, 4.7, or 4.8 V, the cells
would exhibit a significantly improved cyclic performances com-
pared for those without the pre-cycling treatment. As seen in
Fig. 2A, the initial discharge capacities after 5 cycles at 4.5 V were
250, 270 and 290 mAh g−1 for the cells charged to 4.6, 4.7 and
4.8 V, respectively. These are the same as those without the pre-
cycling treatment. However, after 50 cycles, the reversible discharge
capacities were about 240 mAh g−1 for all cells, and the capac-
ity retention ratios were 96, 88 and 83% for the cells charged to
4.6, 4.7 and 4.8 V, respectively. Both the reversible capacity and
capacity retention are higher than those without the pre-cycling
treatment.

Nevertheless, the rapid capacity fading in the initial several
cycles was still observed for the cells operated in the range of 4.7–2
and 4.8–2 V. If cells were treated with a stepped pre-cycling mode,
Fig. 1. XRD pattern of the Li[Ni0.17Li0.2Co0.07Mn0.56]O2 and its cyclic performances
in the different voltage ranges.

The Li, Ni, Co and Mn contents in the samples were deter-
mined by Seiko SPS1500VR inductive-coupled plasma spectroscopy
(I.C.P.).

The charge–discharge tests were carried out using a CR2032
coin-type cell, which consists of a cathode and a lithium metal
anode separated by a Celgard 2400 porous polypropylene film. The
cathode contains a mixture of 20 mg of accurately weighed active
materials and 12 mg of Teflonized acetylene black (TAB-2) as the
conducting binder. The mixture was pressed onto a stainless-steel

mesh and dried at 130 ◦C for 4 h in a vacuum. The cells were assem-
bled in a glove box filled with dried argon gas. The electrolyte was
1 M LiPF6 in ethylene carbonate/dimethyl carbonate (EC/DMC, 1:2
by volume).

3. Results and discussion

The XRD pattern of the as-prepared Li[Ni0.17Li0.2Co0.07Mn0.56]O2
is shown in Fig. 1A. All peaks are sharp and well-defined and could
be indexed on the basis of the �-NaFeO2 structure, except for those
broadened super lattice peaks around 22–25◦. The lattice parame-
ters for a and c, which were calculated by a least-squares method
using 10 diffraction peaks, are 2.852 and 14.226 Å, respectively.
The elemental analysis results for Li[Ni0.17Li0.2Co0.07Mn0.56]O2
showed that the as-prepared sample is slightly Li-deficient com-
pared with its nominal formula, and its formula should be
Li1.17Ni0.17Co0.07Mn0.57O2. We will still use its nominal formula in
the following discussion for convenience.

Fig. 1B illustrates the cyclic performance of the sample operated
in the different voltage ranges. All cells were cycled at a constant
rces 183 (2008) 344–346 345

current density of 0.2 mA cm−2 (20 mA g−1) at room temperature.
When cell was operated in the range of 4.5–2 V, its initial discharge
capacity was 110 mAh g−1. In the following cycles, the cell showed
a stable and gradual increase with respect to its discharge capacity
and the discharge capacity increased to 125 mAh g−1 after 50 cycles.
When the cells were operated at a voltage above 4.5 V, for instance,
4.6, 4.7 or 4.8 V, the initial discharge capacities would increase up
to 250, 270, and 290 mAh g−1, respectively. However, the discharge
capacities at the high voltage would rapidly decrease in the fol-
Fig. 2. Cyclic performances of the Li[Ni0.17Li0.2Co0.07Mn0.56]O2 with a pre-cycling
treatment in the different voltage ranges.
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Fig. 3. Charge and discharge curves of the non-treated Li[Ni0.17Li0.2Co0.07Mn0.56]O2

electrode with an increase in the cycle number.

for example, two cycles at 4.5–2 V and two cycles at 4.6–2 V, then
starting the cycles at 4.7–2 V, the rapid capacity fading observed in
the initial several cycles was successfully suppressed. This mode is
also effective for the cells operated in the range of 4.8–2 V, as illus-
trated in Fig. 2B. Moreover, the reversible capacities are greater than
250 mAh g−1 after 50 cycles for both cells operated in the range
of 4.7–2 and 4.8–2 V. These results suggest that the stepped pre-
cycling treatment is more effective for improving the high-voltage
cycleability than the simple pre-cycling treatment in the range of
4.5–2 V.
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However, the mechanism of the capacity fading when the elec-
trodes were operated at the high voltages was not clarified. A
closing inspection revealed that the change in shape was observed
only in their charge curves with the increasing cycle number, as
depicted by the dashed ellipse in Fig. 3A. Moreover, a remarkable
voltage depression, for example, the potential corresponding to
40 mAh g−1 decreases from 3.52 V for the 2nd cycle to 3.28 V for the
50th cycle, was observed in the charge curve in the region below
4 V, as demonstrated in Fig. 3B. Whether the voltage depression
is related to the capacity degradation is not very clear. As a mat-
ter of fact, the voltage depression and the new plateau formation
have been observed in 0.5Li2MnO3·0.5Li(Mn0.5−xNi0.5−xCo2x)O2
(x ≥ 0.25) [5] and in Li[Co0.20Li0.27Mn0.53]O2 [4], both of which
exhibited a rapid capacity fading in the initial several cycles. Much
work is necessary to elucidate the origin of the capacity fading
as well as the mechanism of the improved cyclic performances
through the pre-cycling treatment.

4. Conclusions

Lithium-rich nickel–manganese–cobalt oxide,
Li[Ni0.17Li0.2Co0.07Mn0.56]O2, was prepared by a co-precipitation
method. The as-prepared material shows a rapid capacity fading

in its initial several cycles when it was operated at high voltages,
which seems to be related to the voltage depression in their charge
curves below 4 V. The poor cyclic performance at high voltages
could be significantly improved through a pre-cycling treatment.
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