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Abstract

A 1:1 mixture of electrochemically active Li(Ni0.5Mn0.5)O2 and electrochemically inactive Li(Li1/3Mn2/3)O2, i.e. Li(Li0.17Ni0.25Mn0.58)O2,
has been synthesized by a sol–gel method. The mixture was calcined at 900◦C in air for 24 h and cooled at three different rates:
quenched into liquid nitrogen, 2◦C/min, and 0.5◦C/min. It was found that the crystallographic structure and electrochemical proper-
ties of Li(Li0.17Ni0.25Mn0.58)O2 highly depend on the cooling rate. The sample quenched into liquid nitrogen exhibited a long irreversible
plateau at ca. 4.5 V during the first charge, and the discharge capacity gradually increased from 170 to 210 mAh/g after 40 cycles. The
samples cooled at slower rates exhibited more monoclinic character and cubic spinel phase was observed; they showed no plateaus at
4.5 V during the first charge and the discharge capacities also gradually increased from 80 and 55 mAh/g to 130 and 85 mAh/g for 2 and
0.5◦C/min-cooled samples, respectively.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Recently, a concept of making solid solutions of two
layered materials, LiMO2 (M = Co, Cr, Ni0.5Mn0.5) and
Li(Li 1/3M′

2/3)O2 (M′ = Mn, Ti), has been adopted to sta-
bilize the structure and to improve the electrochemical
properties of the layered cathode materials for rechargeable
lithium batteries[1–5]. Li(Li 1/3M′

2/3)O2, which has mon-
oclinic symmetry (C2/m) due to the ordered distribution
of Li and Mn in the transition-metal layers[6], is elec-
trochemically inactive because all of the M′ ions exist in
the 4+ oxidation state so that no lithium can be extracted
from the structure. Therefore, it is generally expected that
Li(Li 1/3M′

2/3)O2 acts as an inert matrix in the solid solu-
tion so that the overall capacity is sacrificed with increasing
amount of Li(Li1/3M′

2/3)O2.
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However, it has been shown that the role of Li(Li1/3
M′

2/3)O2 in the solid solution is more than that of a mere in-
ert matrix. For example, solid solutions of LiCrO2 with poor
electrochemical properties and Li(Li1/3Mn2/3)O2 with no
electrochemical activity have shown excellent electrochem-
ical behavior, especially for 0.4LiCrO2–0.6Li(Li1/3Mn2/3)
O2, i.e. Li(Li0.2Cr0.4Mn0.4)O2, where the Cr3+/Cr6+ redox
couple is responsible for the lithium extraction/insertion[2].
A solid solution of Li(Ni0.5Mn0.5)O2 and Li(Li1/3Mn2/3)O2
is another good example. According to Lu and Dahn[7], the
solid solution(1− x)Li(Ni 0.5Mn0.5)O2–xLi(Li 1/3Mn2/3)O2
with 1/6 ≤ x ≤ 1/3 exhibited a long, irreversible plateau
at near 4.6 V during the first charge, which is not present
in other layered cathode materials such as LiCoO2, LiNiO2,
and Li(Ni0.5Mn0.5)O2, and delivered much higher capacity
than theoretical one based on the Ni2+/Ni4+ redox couple.
From an academic as well as a technological point of view,
we believe that it is very interesting and important to explore
the origins of the improved electrochemical properties of
the LiM′O2–Li(Li 1/3Mn2/3)O2 (M′ = Cr, Ni0.5Mn0.5) solid
solutions and the unique role of Li(Li1/3Mn2/3)O2 therein.

We have been investigating layered cathode materials
that contain tetravalent Mn ion as a major constituent, such
as Li(Ni0.5−xMn0.5−xA2x)O2 and Li[Li(1/3−2x/3)Nix−y

Mn(2/3−x/3−z)Ay+z]O2 (A = Al, Co, Mg, Ti) [8–10]. In
this paper, we report the synthesis and electrochemical
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properties of the 1:1 mixture of Li(Ni0.5Mn0.5)O2 and
Li(Li 1/3Mn2/3)O2, i.e. Li(Li0.17Ni0.25Mn0.58)O2. In partic-
ular, the effects of the cooling rate on the crystallographic
structure and the cycling behavior are presented.

2. Experimental

Li(Li 0.17Ni0.25Mn0.58)O2 was prepared by a sol–gel
method from Li(CH3COO)·H2O, Ni(CH3COO)2·4H2O,
and Mn(CH3COO)2·4H2O. Each of the starting materials
was dissolved in distilled water and added to the gly-
colic/tartaric acid solution that was used as a chelating
agent. The solution pH was adjusted to around 7 using am-
monium hydroxide. The entire process was conducted under
continuous stirring and heating on a hot plate. The resulting
gel precursor was decomposed at 450◦C for 5 h in air. The
decomposed powders were then fired at 900◦C for 24 h in
air and cooled at three different rates: quenched into liquid
nitrogen, 2◦C/min, and 0.5◦C/min, each of which will be
referred to Q24, S24, and VS24, respectively, throughout
this paper. The crystallographic structure of the synthesized
materials was examined by a powder X-ray diffractometer
(XRD) using Cu K� radiation.

Galvanostatic charge/discharge cycling was conducted
with coin cells that were prepared in a dry room. The posi-
tive electrode consisted of 70 wt.% oxide powder, 25 wt.%
acetylene black, and 5 wt.% polytetrafluoroethylene (PTFE)
binder and was pressed onto an aluminum mesh current col-
lector. Metallic lithium was used as the negative electrode.
The electrolyte was 1 M LiPF6 in a 1:1 mixture of ethylene
carbonate (EC)/diethyl carbonate (DEC); the separator was
Celgard® 2500. The coin cells were galvanostatically cy-
cled in the voltage range of 2.0–4.6 V at a current density
of 0.1 mA/cm2 (∼10 mA/g) at room temperature.

3. Results and discussion

XRD patterns of Li(Li0.17Ni0.25Mn0.58)O2 calcined at
900◦C for 24 h and cooled at different rates are shown in
Fig. 1. It is noted that there exist clear differences in the
XRD patterns among the three samples. Most of the peaks in
the XRD pattern of the Q24 sample could be indexed based
on the�-NaFeO2 structure (R3̄m) with extra peaks between
20 and 30◦ (labeled with m) that are characteristics of mon-
oclinic Li(Li 1/3Mn2/3)O2 [6]. Lu et al. [3] attributed the
small, extra peaks that appeared at∼21◦ in the XRD patterns
of Li[Ni xLi1/3−2x/3Mn2/3−x/3]O2 (0 < x < 1/2) to the
ordering of Li and Mn in the transition-metal layers. There
also appeared trace of peaks or small shoulders (marked
with solid circles) at higher angle, which are observed more
clearly in the slow-cooled samples as shown inFig. 1(b) and
(c). In the XRD patterns of Li(Li0.17Ni0.25Mn0.58)O2 sam-
ples cooled at 2◦C/min (S24) and 0.5◦C/min (VS24), new
peaks that were negligible or absent in the quenched sample
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Fig. 1. XRD patterns of Li(Li0.17Ni0.25Mn0.58)O2 calcined at 900◦C for
24 h in air and cooled at different rates: (a) quenched into liquid nitrogen;
(b) 2◦C/min; and (c) 0.5◦C/min. The ‘m’ and ‘s’ denote monoclinic and
cubic spinel, respectively.

appeared over the whole 2θ range; the new peaks are more
clearly resolved in the more slowly cooled sample (VS24).
It is very hard to tell whether the new diffraction peaks rep-
resent monoclinic symmetry of Li(Li1/3Mn2/3)O2 or cubic
symmetry of Li1+yMn2−yO4 except the ones at∼33 and
∼67◦; the former belongs only to monoclinic structure and
the latter only to cubic spinel structure. Recently, Kim et al.
[11] reported that they observed cubic spinel phase by TEM
in Li(Li 0.1Ni0.35Mn0.55)O2 although the XRD pattern of the
material did not reveal any diffraction peaks correspond-
ing to cubic structure. The XRD patterns inFig. 1 suggest
the followings: (1) there exists partial ordering of Li and
Mn (and/or Ni) in the transition-metal layer of the rhom-
bohedral structure at 900◦C; (2) Li and transition-metals
redistribute during slow cooling, which results in the forma-
tion of monoclinic and cubic spinel phases; (3) coexistence
of rhombohedral, monoclinic, and cubic phases is thought
to be thermodynamically favorable at room temperature
in the one-to-one solid mixture of Li(Ni0.5Mn0.5)O2 and
Li(Li 1/3Mn2/3)O2.

Galvanostatic charge/discharge curves and the corre-
sponding discharge capacities of the three samples cooled at
the different rates are shown inFigs. 2 and 3, respectively.
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Fig. 2. Galvanostatic charge/discharge curves of (a) Li/Q24, (b) Li/S24, and (c) Li/VS24 cells cycled between 2.0 and 4.6 V at a current density of
0.1 mA/cm2.
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Fig. 3. Discharge capacities of Q24, S24, and VS24 in the voltage range
of 2.0–4.6 V.

The initial discharge capacities of Q24, S24, and VS24 were
170, 80, and 55 mAh/g, respectively, and the subsequent
capacities increased gradually with cycling and stabilized at
210, 130, and 85 mAh/g, respectively, after about 40th cycle.

The quenched sample (Q24) exhibited an irreversible
plateau at 4.5–4.6 V during the first charge; the plateau
started at the capacity close to a theoretical value for the
reaction of Li(Li+0.17Ni2+

0.25Mn4+
0.58)O2 → Li0.5(Li+0.17Ni4+

0.25
Mn4+

0.58)O2 + 0.5Li (155 mAh/g). On the other hand, such
high-voltage plateaus were not observed for the slow-
cooled samples. The appearance of the plateau and the mag-
nitude of capacity at the end of the first charge observed in
the Q24 cathode are very puzzling because it is supposed
that there is no more metal elements that can be oxidized
further once the composition reaches Li0.5(Li+0.17Ni4+

0.25
Mn4+

0.58)O2. Lu and Dahn[7] reported similar plateaus
at 4.5V during the first charge of Li/Li[NixLi1/3−2x/3
Mn2/3−x/3]O2 (1/6 = x = 12/5) cells; they explained
the plateaus in terms of irreversible oxygen loss. However,
we consider that the amount of lost oxygen calculated by
Lu et al. based on the length of the plateaus at 4.5 V is
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too large; for example, Li(Li0.222Ni0.167Mn0.611)O2 be-
came Lix(Li0.222Ni0.167Mn0.611)O1.667, wherex = 0 at the
fully charged state andx = 1 after the subsequent dis-
charge. It is questionable whether the material can keep
the layered structure with that large oxygen deficiency.
Participation of oxygen ions in the redox reactions can be
another possible explanation on the charge compensation
mechanism at voltage higher than 4.5 V during the first
charge. Recently, it was reported that oxidation of oxide
ions was partially responsible for charge compensation
in Li(Li 0.15Ni0.275−xMgxMn0.575)O2 [12], LiCo0.5Ni0.5O2
[13,14], and LiAlyCo1−yO2 (0 ≤ y ≤ 0.25) [15,16].

Differential capacity versus voltage plots of the three sam-
ples are shown inFig. 4. In Fig. 4(a), it is noticed that
new differential capacity peaks develop at 3.2 V on charging
(3.1 V on discharging) with cycling of the quenched sample,
which is believed to be responsible for the capacity increase
with cycling of the Q24 sample since the differential capac-
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Fig. 4. Differential capacity vs. voltage plots of the cells (a) Li/Q24, (b) Li/S24, and (c) Li/VS24 cycled at 2.0–4.6 V. The number denotes cycle number
of each cell.

ity plot does not change with cycling above 3.5 V after the
first cycle. Lu and Dahn[7] attributed the differential ca-
pacity peaks below 3.5 V to participation of Mn ions in the
redox reactions in the layered structure. The average volt-
age of the new differential capacity peaks (∼3.15 V) is in
between that of Mn3+/Mn4+ couple in LiMnO2 (∼3.6 V)
[17,18] and in Li2/3(Ni1/3Mn2/3)O2 (∼2.8 V) [19]. It is
supposed that different ionic surroundings yielded different
redox potentials in the similar structures. As is shown in
Fig. 4(b) and (c), the slow-cooled samples exhibited much
sharper differential capacity peaks centered at lower volt-
age (∼2.95 V) than those of the quenched sample, which
can be attributed to Mn3+/Mn4+ couple with lithium inser-
tion/extraction into/from octahedral sites in the spinel phase
present in the slow-cooled samples as was observed in the
XRD patterns.

Fig. 5 shows the XRD patterns of the cycled Q24 and
VS24 samples. It is noted that the diffraction peaks at 20–25◦
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Fig. 5. XRD patterns of the Q24 and VS24 cathodes cycled between 2.0
and 4.6 V. Both of the cathodes were discharged to 2.0 V before the X-ray
scanning. The peaks marked with asterisk are from aluminum current
collector.

disappeared in the cycled Q24 cathode whereas those in the
cycled VS24 cathode remained almost intact. As was dis-
cussed in our recent report[10], disappearance of the diffrac-
tions peaks at 20–25◦ in the cycled Q24 cathode suggests
lithium removal from transition-metal layers during electro-
chemical cycling, especially during the 4.5 V plateau at the
first charge. More works are under way to investigate the
origin of disappearance of the diffraction peaks at 20–25◦
and its relation with the 4.5 V plateau during the first charge.

4. Summary and conclusions

Layered Li(Li0.17Ni0.25Mn0.58)O2, which corresponds to
a 1:1 solid mixture of Li(Ni0.5Mn0.5)O2 and Li(Li1/3Mn2/3)
O2, was synthesized by a sol–gel method; the effect of
the cooling rate after calcination (900◦C, 24 h, air) on the
crystallographic structure and the electrochemical proper-
ties was investigated. The quenched material showed an
�-NaFeO2-type layered structure with a minor monoclinic
character, whereas a greater degree of monoclinic character
and cubic spinel phase were found in the slow-cooled materi-
als. The electrochemical properties were also found to highly
depend on the cooling rate; the quenched sample exhibited
an irreversible plateau at ca. 4.5 V during the first charge
cycle and delivered a discharge capacity of 210 mAh/g that
is larger than the theoretical one (155 mAh/g) based on
Ni2+/Ni4+ redox couple. The slow-cooled samples did not
exhibit the 4.5 V plateau and delivered much smaller dis-
charge capacities than the quenched one. All of the three
samples showed the evolution of differential capacity peaks

near 3 V with cycling. The new differential capacity peak in
the quenched sample centered on 3.15 V is supposed to be
caused by Mn3+/Mn4+ redox couple in the layered struc-
ture, whereas those in the slow-cooled samples centered on
2.95 V are attributed to Mn3+/Mn4+ couple in the cubic
spinel structure present in the slow-cooled samples as an
impurity. The XRD patterns of the cycled cathodes revealed
that Li-ions in the transition-metal layers were removed ir-
reversibly during electrochemical cycling of the quenched
sample.

More extensive and systematic studies are necessary to ex-
plore the peculiar and interesting electrochemical behavior
of Li(Ni 0.5Mn0.5)O2–Li(Li 1/3Mn2/3)O2 solid mixture such
as the 4.5 V plateau during the first charge, the larger dis-
charge capacity than the theoretical value, the evolution of
3 V plateaus during the electrochemical cycling, and the dis-
appearance of the XRD peaks corresponding to Li–Mn or-
dering in the transition-metal layers after extended cycling.
These studies are currently under way and will be published
elsewhere.
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