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Abstract

Layered Li[Ni1/2Mn1/2]O2 was synthesized by an ultrasonic spray pyrolysis method. The Li[Ni1/2Mn1/2]O2 powder
was characterized by means of X-ray diffraction, charge/discharge test, and cyclic voltammetry. The discharge
capacity increases linearly with increase of the upper cut-off voltage limit and attains a high discharge capacity of
187 mA h g)1 between 2.8 and 4.6 V with excellent cyclability. A cyclic voltammetric study of the Li[Ni1/2Mn1/2]O2

electrode showed only one redox peak implying no structural phase change during cycling.

1. Introduction

Layered lithium transition metal oxides, LiMO2

(M ¼ Co, Ni, Mn) with a hexagonal a-NaFeO2 struc-
ture, have been expanded in the last a few years in the
application of rechargeable batteries as cathode mate-
rials for lithium secondary batteries. LiCoO2 has been
commercialized but still has limits due to its high cost
and toxicity. Layered LiNiO2 and LiMnO2 have been
extensively studied as possible alternatives to LiCoO2.
Although there has been much progress in optimizing
the two materials, there are still problems for practical
applications. LiNiO2 cannot be used in its current form
because it is known to be difficult to synthesize in the
stoichiometric form and delithiated Li1�xNiO2 decom-
pose exothermally at around 200 �C [1–3]. Also, the
LiMnO2 form is not as thermodynamically stable as the
layered structure, especially the orthorhombic phase of
LiMnO2 [4]. The Mn3+ (d4) ions cause a cooperative
distortion of the MnO6 octahedra due to Jahn–Teller
stabilization, leading to a monoclinic unit cell. When Li
was deintercalated from LiMnO2, both the m- and o-
LiMnO2 underwent a detrimental phase transformation
to a spinel-like phase through minor atomic rearrange-
ments, leading to the eventual deterioration of electrode
performance [5, 6].
Recently, Ohzuku and Makimura reported a new

concept of one-to-one solid solution with atomic scale of
LiNiO2 and LiMnO2, i.e., Li[Ni1/2Mn1/2]O2 [7]. The
Li[Ni1/2Mn1/2]O2 delivered a reversible capacity of
150 mA h g)1 in the voltage range 3.0–4.3 V with no
indication of transformation to the spinel phase during

electrochemical cycling. Yoon et al. reported that the
Ni2þ and Mn4þ coexist in the layered Li[Ni1/2Mn1/2]O2

structure and the Ni2þ ion is oxidized to Ni4þ, while
Mn4þ ions remain mostly unchanged as Li is deinter-
calated from the host material [8]. The stable cycling
behavior of the Li[Ni1/2Mn1/2]O2 material may be
attributed to the stable tetravalent oxidation state of
Mn ions during electrochemical cycling.
Considerable improvements of cathode materials with

good battery performance have been made by the use of
solution methods such as the sol–gel method, the
coprecipitation method and the spray pyrolysis method
[7–12]. Among the solution methods, spray pyrolysis is
an effective technique leading to good stoichiometric
control, homogeneous particle size and short production
time. It is also a one-step method. Recently, Taniguchi
et al. reported that spherical spinel LiMn2O4 powders
could be synthesized using spray pyrolysis by varying
the gas flow rate and temperature profiles in the reactor
[12].
In this study, we report on the synthesis and electro-

chemical characteristics of Li[Ni1/2Mn1/2]O2 powders
synthesized by an ultrasonic spray pyrolysis method.

2. Experimental

Li[Ni1/2Mn1/2]O2 powder was prepared as follows:
[Ni1/2Mn1/2]Oy precursor was first synthesized using a
spray pyrolysis method. Nickel nitrate hexahydrate
(Ni(NO3)2 Æ 6H2O, Aldrich, USA) and manganese ni-
trate hydrate (Mn(NO3)2 Æ 4H2O, Sigma, USA) salts
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were used as starting materials for the synthesis of [Ni1/2
Mn1/2]Oy powder. At first, a stoichiometric amount of
Ni and Mn nitrate salts (cationic ratio of Ni:Mn ¼ 1:1)
was dissolved in distilled water. The dissolved solution
was added to a continuously agitated aqueous citric acid
solution. Citric acid (C6H8O7 Æ H2O, Aldrich, USA) was
used as a polymeric agent for the reaction. The molar
concentration of citric acid was fixed at 0.2 M. The
starting solution was atomized using an ultrasonic
nebulizer with a resonant frequency of 1.7 MHz. The
aerosol stream was introduced into the vertical quartz
reactor heated at 500 �C. The inner diameter and length
of the quartz reactor were 50 and 1200 mm, respectively.
The flow rate of air used as a carrier gas was 10 L min)1.
The prepared powder was thoroughly mixed with
LiOH Æ H2O. After the mixture was sufficiently ground,
these were heated again at 900 �C in a box furnace with
a heating rate of 1 �C min)1.
The thermal decomposition behavior of the precur-

sors was examined by thermogravimetric analysis and
differential thermal analysis using a TG-8110 thermal
analyzer system (TGA, DTA, TAS 100, Rigaku, Japan).
The heating/cooling rate was 5 �C min)1. A powder X-
ray diffraction (XRD, Rint-2000, Rigaku, Japan) mea-
surement using CuKa radiation was employed to iden-
tify the crystalline phase of the synthesized material.
Rietveld refinement was then performed on the XRD
profiles to obtain lattice constants. Particle morphology
of the powders after calcination was observed using a
scanning electron microscope (SEM, JSM 6400, JEOL,
Japan). The average particle size and the particle size
distribution were determined by a particle size analyzer
(UPA 150, Mictrotrac Co. USA).
A three-electrode glass cell was used for cyclic

voltammetry (CV). The working electrode consisted of
3 mg of the active material and 2.2 mg of conducting
binder (Teflonized acetylene black, TAB), which was
pressed onto stainless steel mesh. The counter and
reference electrodes were prepared by pressing lithium
foil onto stainless steel gauze. The CV measurement was
performed with an Arbin Instruments Model MSTAT4
battery test system at 100 lV s)1 scan rate between the
voltage limits of 2.5–4.0 V. All assembling of the cell
was carried out in a dry box filled with argon gas.
Galvanostatic charge/discharge cycling was performed
in a 2032-type coin cell. For the fabrication of the
positive electrode, 20 mg of Li[Ni1/2Mn1/2]O2 com-
pound was mixed with 12 mg of conductive binder
(8 mg of TAB and 4 mg of graphite). The mixture was
pressed on 200 mm2 stainless steel mesh used as the
current collector and dried at 130 �C for 10 h in a
vacuum oven. The test cell was made of a cathode and a
lithium metal anode (Cyprus Foote Mineral Co.)
separated by a porous polypropylene film (Celgard
3401). The electrolyte solution was 1 M LiPF6 in a
mixture of ethylene carbonate (EC) and diethyl carbon-
ate (DEC) in a 1:1 volume ratio. The cell was assembled
in an argon-filled glove box. The charge/discharge
measurements were carried out between 2.8 and 4.3,

4.4, 4.5, and 4.6 V potential ranges at a current density
of 0.2 mA cm)2 (20 mA g)1).

3. Results and discussion

Figure 1 shows the thermogravimetric analysis of
Ni(NO3) Æ 6H2O, Mn(NO3)2 Æ 4H2O, and C6H8O7 Æ H2O
mixture. The first weight loss in the temperature range
below 200 �C is due to the removal of water from each
chemical. The second weight loss in the temperature
region of below 400 �C is related to the decomposition
of nitrate ions and organic moieties. The weight loss of
the starting materials is almost terminated at 500 �C,
indicating that the organic compounds can removed
completely at temperatures lower than 500 �C. From the
thermal analysis, we determined that the precursor of
[Ni1/2Mn1/2]Oy can be obtained from a temperature
around 500 �C.
The XRD pattern of the [Ni1/2Mn1/2]Oy precursor

obtained at 500 �C is shown in Figure 2(a). Although
the XRD pattern has a very lower crystallinity, it was
found that the precursor is composed of a mixture of
Mn3O4 and NiO. Figure 2(b) shows the XRD pattern of
the Li[Ni1/2Mn1/2]O2 powder calcined at 900 �C in air.
All peaks can be indexed based on a hexagonal a-
NaFeO2 structure with a space group of R�33m. The
XRD pattern of the Li[Ni1/2Mn1/2]O2 material shows a
phase-pure layered structure showing good crystallini-
ty(FWHM of 003 peak is 0.2 Q). This may be ascribed
to the homogeneous powder precursor, in which cations
such as Ni and Mn are uniformly distributed at an
atomic scale. This XRD pattern also shows a large
integrated peak ratio (003) to (104) and a clear split of
the (108) and (110) peaks, which indicates the lower
disorder in the host structure [13]. The lattice constants
of Li[Ni1/2Mn1/2]O2 are a ¼ 2.880 Å and c ¼ 14.276 Å,
as calculated by Rietveld refinement from the XRD
data.
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Fig. 1. Thermogravimetric analysis of the starting materials. The

mixture was dried in a vacuum oven at 25 �C prior to the thermal

analysis and the heating rate was 5 �C min)1 in air.
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Figure 3 shows SEM for the [Ni1/2Mn1/2]Oy and
Li[Ni1/2Mn1/2]O2 powders. Figure 3(a) shows that the
as-prepared powder has a spherical morphology with
particles of about 2–3 lm. The particles of [Ni1/2Mn1/2]
Oy maintain their round shape. On the other hand,
Li[Ni1/2Mn1/2]O2 powder shows spherical type agglom-
erates with particle size of about 2 lm, composed of lots
of spherical primary particles of approximately 200 nm
diameter. However, the Li[Ni1/2Mn1/2]O2 particles chan-
ged into a walnut like shape. It may be assumed that the
[Ni1/2Mn1/2]Oy particles are completely changed by
combining with the lithium source during calcinations
process. This is a typical problem associated with the
formation of hollow oxide particles by spray pyrolysis
using nitrates as starting material [14, 15]. The particle
size distribution obtained for the [Ni1/2Mn1/2]Oy and
Li[Ni1/2Mn1/2]O2 powders is shown in Figure 4. The
particles of Li[Ni1/2Mn1/2]O2 are smaller than those of
[Ni1/2Mn1/2]Oy as confirmed in Figure 3. Furthermore,
most particles of Li[Ni1/2Mn1/2]O2 are within a narrow
size distribution and have smaller average particle size
distribution compared to those of [Ni1/2Mn1/2]Oy. This
may result from the shrinkage of [Ni1/2Mn1/2]Oy powder
during high temperature calcination at 900 �C.

Figure 5 shows the charge/discharge curves and
specific discharge capacities for the Li/Li[Ni1/2Mn1/2]
O2 cells as a function of cycle number between 2.8–4.3,
2.8–4.4, 2.8–4.5, and 2.8–4.6 V at a constant current
density of 0.2 mA cm)2 (20 mA g)1). All Li/Li[Ni1/2-
Mn1/2]O2 cells showed smooth and monotonic voltage
profiles as reported by other groups [7, 9]. The Li/Li[Ni1/2-
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Fig. 2. Powder XRD patterns of (a) [Ni1/2Mn1/2]Oy prepared at

500 �C, and (b) Li[Ni1/2Mn1/2]O2 calcined at 900 �C.

Fig. 3. SEM for (a) [Ni1/2Mn1/2]Oy prepared at 500 �C, and (b) Li[Ni1/2-

Mn1/2]O2 calcined at 900 �C.
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Mn1/2]O2 cell between 2.8 and 4.4 V exhibits a small
irreversible capacity (Cdis/Ccha) of 14% in the first cycle,
which is lower than that of lithium rich layered oxide
material, Li[Lið1�2xÞ=3NixMnð2�xÞ=3]O2 [10, 16]. Although
not shown here, the voltage profiles for a Li/Li[Ni1/2-
Mn1/2]O2 cell were not changed even after 50 cycles,
which indicates that structural degradation did not
occur by repeatative lithium insertion/extraction into
the host structure during cycling. Yoon et al. reported
that Ni and Mn ions are in the 2+ and 4+ oxidation
state respectively, as confirmed by Mn and Ni K-edge
XANES and electrochemical processes involve between
Ni2þ and Ni4þ with two electron transfer [8]. The
discharge capacities of the Li/Li[Ni1/2Mn1/2]O2 cell
increase linearly by increasing the upper cut-off voltage
limit. In the voltage range 2.8–4.3 V, )4.4 V, )4.5 V,
and )4.6 V, the discharge capacities of the Li[Ni1/2Mn1/2]-
O2 electrode were 155, 166, 177, and 187 mA h g)1,
respectively. All the cells showed excellent cycle reten-
tion without capacity loss up to 50 cycles.
Figure 6 shows the charge/discharge curves of Li/

Li[Ni1/2Mn1/2]O2 cells at various current densities (C-
rate) within voltage limits of 2.8–4.4 V. Each cell was
charged using a current density of 0.32 mA cm)2 (0.2 C

rate) and discharged at various currents. The discharge
capacities of each cell slowly decreased with increasing
current density. The discharge capacity at a current
density of 1.6 (1 C) and 6.4 mA cm)2 (4 C) reached 92
and 75%, compared to that of 0.16 mA cm)2 (0.1 C),
respectively. We believe that this is one of the best
results for a Li/Li[Ni1/2Mn1/2]O2 cell in a high current
density test (4 C) and Li[Ni1/2Mn1/2]O2 is a good
candidate cathode material for large-scale lithium sec-
ondary batteries.
Figure 7 shows the cyclic voltammogram of Li[Ni1/2-

Mn1/2]O2 for the first 5 cycles between 2.5 and 4.6 V.
Similar to the charge/discharge curve shown in Fig-
ure 6(a), the profile of the first anodic peak was slightly
different from the subsequent ones. The first anodic scan
has two oxidation peaks; a major peak centered at
4.02 V and a minor one at 4.5 V, corresponding to the
irreversible capacity observed in the first charge profile
(Figure 6(a)). The peak at 4.02 V in the first anodic scan
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is shifted by 0.05 V to the lower voltage region and
remains unchanged from the subsequent cycles. The
reduction peak observed at 4.3 V during the first cycle
disappears after 3 cycles and there is a single major peak
centered at 3.97 V in the cathodic process. This phe-
nomenon is related to the initial activation process and/
or stabilization of the Li[Ni1/2Mn1/2]O2 electrode and
implies that structural degradation is not expected
during the lithium extraction/insertion process of the
Li[Ni1/2Mn1/2]O2 electrode unlike LiNiO2 [1, 16].

4. Conclusion

Layered Li[Ni1/2Mn1/2]O2 powders with high homoge-
neity, spherical morphology and high capacity have been
synthesized by the ultrasonic spray pyrolysis method.
The Li[Ni1/2Mn1/2]O2 electrode delivered a high initial
discharge capacity of 187 mA h g)1 between 2.8 and
4.6 V at a current density of 0.2 mA cm)2 (20 mA g)1)
with excellent cyclability. Charge/discharge and cyclic
voltammogram studies of the Li[Ni1/2Mn1/2]O2 electrode
showed only one redox peak, indicating that structural
phase transitions did not occur during electrochemical
cycling.
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