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1. Introduction

Presently, commercial lithium-ion batteries use the Li-
CoO2 cathode which has a well-ordered layered crystal
structure and gives reversible and fast lithium extraction/
insertion. Because of the high cost and toxicity of cobalt,
an intensive search for new cathode materials has been
underway over the past decade. Manganese oxides are
lower cost, abundant, non-toxic, and safer on overcharge
compared with LiCoO2. However, the spinel Li1+x

Mn2)xO4, which is the most readily prepared among
manganese oxides, suffer from solubility problems at
elevated temperatures [1,2]. The search for layered LiM-
nO2 with the same structure as LiCoO2 is being pursued,
but the materials tend to transform to the more stable
spinel phase during electrochemical cycling due to the
Jahn–Teller ions of Mn3+ [3–6]. The ideal cathode
material will combine the superior electrochemical perfor-
mance such as high capacity, good rate capability and long
cycle life with low cost and environmental acceptability.
Recently, the stabilization of layered structures by

using solid solutions between Li2MnO3 and LiMO2

(M ¼ Cr, Ni, Co) such as Li[Li(1)2x)/3NixMn(2)x)/3]O2

and Li[Li(1)x)/3Co(Cr)xMn(2)2x)/3]O2 have been studied.
[7–10]. Li2MnO3 has a layered structure similar to
LiCoO2, LiNiO2 and LiCrO2. In Li2MnO3 and LiMO2

solid solution, M is the redox-active species, while
tetravalent manganese in Li1/3Mn2/3 clusters is electro-
chemically inactive [11]. It has been reported that the
electrochemical capacity results from oxidation of Cr3+

to Cr6+, Ni2+ to Ni4+ and Co3+ to Co4+ in Li[Li(1)x)/3-
CrxMn(2)2x)/3]O2, Li[Li(1)2x)/3NixMn(2)x)/3]O2, and
Li[Li(1)x)/3CoxMn(2)2x)/3]O2, respectively.
In this paper, we report the synthesis and electro-

chemical properties of Li[Li(1)2x)/3NixMn(2)x)/3]O2 (x ¼
0.35, 0.305 and 0.23) materials.

2. Experimental details

Li[Li(1)2x)/3NixMn(2)x)/3]O2 (x ¼ 0.35, 0.305 and 0.23)
powders were prepared by a sol–gel method using

glycolic acid as a chelating agent. Li(CH3COO) � 2H2O
(Kanto Chemical Co.), Ni(CH3COO)2 � 4H2O (Aldrich
Chemical Co.), and Mn(CH3COO)2 � 4H2O (Acros Or-
ganics) were dissolved in distilled water, and added
dropwise to a continuously stirred aqueous solution of
glycolic acid (Kanto Chemical Co.). A pH of the
solution was adjusted to 8 � 8.5 using ammonium
hydroxide. The resultant solution was evaporated at
70 � 80 �C until a transparent sol and gel was obtained.
The resulting gel precursors were decomposed at 450 �C
for 10 h in air and then thoroughly ground using a
mortar and pestle. The obtained powders was pressed
into pellets, heated at 900 �C for 3 h in air, and then
quenched to room temperature.
Powder X-ray diffraction (Rigaku, Rint-2000) using

CuKa radiation was used to identify the crystalline phase
of the as-prepared powders and cycled electrodes.
Rietveld refinement was then performed on the X-ray
diffraction data to obtain lattice constants.
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 polyprop-
ylene film. For the fabrication of the electrode, the mix-
ture, which contained 20 mg Li[Li(1)2x)/3NixMn(2)x)/3]O2

powders and 12 mg conducting binder (8 mg of teflon-
ized acetylene black (TAB) and 4 mg of graphite), was
pressed on 2.0 cm2 stainless screen at 800 kg cm�2. The
used electrolyte was a 1:2 mixture of ethylene carbonate
(EC) and dimethyl carbonate (DMC) containing 1 M

LiPF6 by volume. The charge–discharge cycling was
carried out galvanostatically at a current rate of
0.4 mA cm�2 (40 mA g�1) between 2.5 and 4.6 V at
30 �C.

3. Results and discussion

Figure 1 shows X-ray diffraction patterns of Li-
[Li(1)2x)/3NixMn(2)x)/3]O2 (x ¼ 0.35, 0.305 and 0.23)
powders. Although we cannot specifically identify the
crystal structure of the materials, all of the diffraction
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peaks could be indexed to a hexagonal a-NaFeO2

structure with space group R3m. The XRD patterns of
the materials show a single phase of layered structure
and are quite narrow indicating good crystallinity of the
materials. As can be seen in Figure 1, a hexagonal phase
judging from the more splitting of (1 0 8) and (1 1 0)
peaks increased and diffraction peaks characteristic
for Li2MnO3 (monoclinic phase) at 20–25� increased
with increasing Li concentration in Li[Li(1)2x)/3Nix-
Mn(2)x)/3]O2. However, no decrease in the ratio of the
(0 0 3)/(1 0 4) diffraction peak was observed with inc-
reasing Li content, which implies no disordering Li,
Ni and Mn cations in the transition metal layer (3b site).
The lattice parameters (a and c) of the materials inc-
rease with increasing Ni concentration in Li[Li(1)2x)/3-
NixMn(2)x)/3]O2 implying that Ni2+ (r2þNi ¼ 0:69 Å)
ions could be substituted for Li+ (rþLi ¼ 0:76 Å)
and Mn4+ (r4þMn ¼ 0:53 Å) ions; The lattice para-
meters of Li[Li0.1Ni0.35Mn0.55]O2 and Li[Li0.18Ni0.23-
Mn0.59]O2 are a of 2.872 and 2.863 Å, and c of
14.269 and 14.259 Å, respectively.
The typical voltage profiles of Li/Li[Li(1)2x)/3-

NixMn(2)x)/3]O2 (x ¼ 0.35, 0.305 and 0.23) cells for the
10th cycle are shown in Figure 2. The Li/Li[Li(1)2x)/3-
NixMn(2)x)/3]O2 cells display smooth, monotonous
charge–discharge curves and exhibit similar voltage
profile reported by other researchers [7–10]. Although
all samples prepared have a smooth and monotonic
voltage profile, the voltage shape of the x ¼ 0.23 in
Li[Li(1)2x)/3NixMn(2)x)/3]O2 is different from others
(x ¼ 0.35, 0.305). As can be seen in the voltage profile
in Figure 2(c), the plateau appears during the reduction
process between 3.0 and 3.5 V. This is more clearly
observed by the differential capacity vs. voltage profile
in Figure 3. Unfortunately, it is not possible to explain
the structural changes at present, but it is considered
that the growth of peaks at near 3.3 V in the charge

process is the reason for the increase in capacity with
increase in cycle number and lithium content in
Li[Li(1)2x)/3NixMn(2)x)/3]O2.
Figure 4 shows the specific charge–discharge capaci-

ties of the Li/Li[Li(1)2x)/3NixMn(2)x)/3]O2 cell (x ¼ 0.35,
0.305 and 0.23) as a function of cycle number at 30 �C.
There is significant irreversible capacity loss of about
35 mA h g�1 on the first cycle for the three electrodes,
which is about 20% of the first charge capacity. The
discharge capacities of the three electrodes slowly
increase during electrochemical cycling up to about the
first 15 cycles and subsequently stabilize for further
cycling. The Li[Li(1)2x)/3NixMn(2)x)/3]O2 electrodes with
x ¼ 0.35, 0.305 and 0.23 after the 15th cycle provide
173, 174 and 200 mA h g�1, respectively. All the elec-
trodes show excellent cyclability without capacity loss
up to 40 cycles. The theoretical capacities of Li[Li0.1-
Ni0.35Mn0..55]O2, Li[Li0.13Ni0.305Mn0.565]O2, and Li
[Li0.18Ni0.235Mn0.59]O2 electrodes are 208, 184 and
146 mA h g�1, respectively assuming that electrochem-
ically active species is only Ni2+ ions and all the Ni2+

is oxidized to Ni4+ during lithium extraction/insertion.
Considering the theoretical capacity of Li[Li0.18-
Ni0.235Mn0.59]O2 electrodes, the delivered capacities of
the materials is too high. It has been generally accepted
that the charge compensation occurs at the M atoms
(oxidation of M3+ to M4+) while the oxygen valence is
fixed at O2) when Li+ is extracted from the layered
LiMO2 (M ¼ Co and Ni) structure. By contrast, based
on recent research on oxygen valence change for
LiCoO2 [12–14], the oxygen valence also plays an
important role for charge compensation, as well as Co
ions. The oxygen charge state was not fixed constantly
but changed gradually with lithium ion insertion/ex-
traction, indicating that the oxygen ion contribute an
electron exchange for charge compensation. It is also
reported that the chemical state of oxygen was associ-
ated with the charge–discharge reaction of Li/Li-
NixMn2)xO4 cell and the formation of holes in the
oxygen 2p orbital contributed to the capacity of 5 V in

Fig. 1. X-ray diffraction patterns of Li[Li(1)2x)/3NixMn(2)x)/3]O2 (a)

x ¼ 0.35, (b) x ¼ 0.305 and (c) x ¼ 0.23 powders.

Fig. 2. 10th charge–discharge curves of Li/Li[Li(1)2x)/3NixMn(2)x)/3]-

O2 cells (a) x ¼ 0.35, (b) 0.305 and (c) 0.23 at a current density of

0.4 mA cm)2 in the voltages between 2.5 and 4.6 V.
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spinel LiNixMn2)xO4 [15]. Although we still cannot
explain the unusually large capacity and the key
parameter governing the capacity of Li[Li0.18Ni0.235-
Mn0.59]O2, it is deliberated that the capacity of the
materials partly results from the oxygen valence change.
Figure 5 shows cyclic voltammogram of the first three

cycles of the Li[Li0.13Ni0.305Mn0.565]O2 electrode be-
tween 2.0 and 4.6 V at a scan rate of 100 lV s)1. The
important feature is the difference between the first and
subsequent cycles. An oxidation peak appears at near
4.6 V in the first oxidation process, which may be
related to the irreversible capacity loss is at first
charging. On the subsequent cycle, the oxidation and
reduction processes show only one peak centred at 4 and
3.85 V, respectively. This is consistent with the cyclic
voltammogram data of the Li[Lix/3Mn2x/3Co1)x]O2

(x ¼ 0.1) electrode composed of solid solution of

LiCoO2 and Li2MnO3 [7]. This behaviour implies that
severe structural degradation is not expected during
the lithium extraction/insertion process of Li[Li0.13-
Ni0.305Mn0.565] O2 electrode. Further study is now in
progress to reveal the unusual large capacity and
structural stability of Li[Lix/3Mn2x/3Co1)x] materials.

4. Conclusions

Layered Li[Li(1)2x)/3NixMn(2)x)/3]O2 (x ¼ 0.35, 0.305
and 0.23) powders with high homogeneity and crystal-
linity have been synthesized using a sol–gel method. The
layered structure solid solutions were obtained by Ni
substitution for Li and Mn in Li2MnO3. The discharge
capacity of the Li[Li(1)2x)/3NixMn(2)x)/3]O2 electrode
increased with decrease in Ni concentration. The
Li[Li0.18Ni0.235Mn0.59]O2 electrode delivers a very high
capacity of 200 mA h g�1 with excellent cyclability.

Fig. 3. Differential capacity against voltage of the Li[Li(1)2x)/3NixMn(2)x)/3]O2 (x ¼ 0.23).

Fig. 4. Specific charge–discharge capacities of the Li/Li[Li(1)2x)/3-

NixMn(2)x)/3]O2 cells as a function of the cycle number at 30 �C. (a)
x ¼ 0.35, (b) x ¼ 0.305, and (c) x ¼ 0.23.

Fig. 5. Cyclic voltammogram of the Li[Li(1)2x)/3NixMn(2)x)/3]O2 elec-

trode (x ¼ 0.305) between 2.0 and 4.6 V at a scan rate of 100 lV s)1.
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Although the unusual capacity behaviour is not yet
revealed, the oxygen valence may also play an impor-
tant role for charge compensation in Li[Li(1)2x)/3-
NixMn(2)x)/3]O2 materials.
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