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bstract

LiNi Mn O as a 5 V cathode material, was prepared by low heating solid-state reaction with heating the mixed precursors at 500, 600,
1/2 3/2 4

00 ◦C. X-ray diffraction patterns of the prepared samples are identified as the spinel structure with a space group of Fd3̄m. Scanning electron
icroscope was used to study the morphology of the synthesized LiNi1/2Mn3/2O4 powders. The charge–discharge curves of the samples synthesized

y low-heating solid-state reaction appear a plateau at 4.7 V.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Lithium-containing manganese oxides are the most promis-
ng cathode active materials for lithium secondary battery in
erms of low cost, abundance, and non-toxicity [1–5]. However,
here is a further demand for even higher specific energy den-
ity in the application of high power devices such as electric
ehicles [6]. Many researchers have devoted much attention to
he synthesis of advanced 5 V cathode materials based on the
pinel LiMxMn2−xO4 structure, which can provide much higher
pecific energy density with higher working voltages. These
aterials are substituted spinel compounds of the general for-
ula of LiMxMn2−xO4 with transition metal (Ni, Co, Cu, Cr, Ti,
l) [7]. LiNi1/2Mn3/2O4 has a voltage plateau around 4.7 V ver-

us Li metal, whose voltage is about 0.3 V, lower than that of the
ther 5 V cathode materials with spinel structure. In spite of the
isadvantage, the spinel LiNi1/2Mn3/2O4 has become the most
nteresting material for its structure stability, low electrolyte
ecomposition at high voltage and high theoretical capacity at
.7 V region [6,8,9].

At present, the synthesis of LiNi1/2Mn3/2O4 is commonly

dopting sol–gel synthesis method [10] which is preferable to
orm a stoichiometric proportion of multicomponent solid solu-
ion, or the high temperature solid state reaction [11] which

∗ Corresponding author. Tel.: +86 10 62334863; fax: +86 10 62332570.
E-mail address: qiuwh@vip.sina.com (W. Qiu).
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equires very high sintering temperature around 900 ◦C and long
ime with protective atmosphere.

Tang et al. [12] has prepared the cathode materials by low-
eating solid-state reaction in which the starting materials form
ixed precursors and the synthesis temperature is reduced. It

as been confirmed that the low-heating solid-state synthesis
s a simple and effective method to fabricate several chemical
ompounds [12,13].

In this study, LiNi1/2Mn3/2O4 materials were prepared by
ow-heating solid state coordination method. The X-ray diffrac-
ion (XRD) and scanning electron microscope (SEM) were
mployed to obtain the structure information of LiNi1/2Mn3/2O4.
he electrochemical kinetic properties were also studied.

. Experimental

Stoichiometric oxalic acid and LiOH·H2O (molar ratio, 1:1)
ere ball milled for 2 h in order to make them react fully.
nd then, stoichiometric nickel acetate and manganese acetate

Ni:Mn = 1:3) were added in and the mixture was ball milled for
nother 6 h to obtain pink paste precursors. The precursors were
ried in a vacuum oven at 150 ◦C for 24 h. The dried precursors
ere heated at various temperatures (500, 600, 700 ◦C) in air to

btain final LiNi1/2Mn3/2O4 samples.

The thermal decomposition behaviors of the precursors were
nvestigated by thermo gravimetric analysis (TG) and differen-
ial scanning calorimeter (DSC) at a heating rate of 10 ◦C min−1.

mailto:qiuwh@vip.sina.com
dx.doi.org/10.1016/j.jpowsour.2007.06.251
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The prepared samples were characterized by powder X-
ay diffraction (XRD, D/max-rb diffractometer, Rigaku, Japan)
sing Cu K� (λ = 1.54056 Å) radiation at room temperature. The
canning electron micrograph (SEM, S-3500N, Hitachi, Japan)
as used to observe the particle morphology.
For electrochemical measurement, the electrode was pre-

ared by rolling a mixture of 85% (mass fraction, so as the
ollows) active materials, 10% acetylene black and 5% polytetra-
uoroethylene (PTFE). The electrodes were vacuum dried at
20 ◦C over 12 h, and then the testing cells were assembled in
n argon filled glove box. Lithium metal was used as the counter
lectrode, porous polypropylene (celgard2300) as the separator.
he electrolyte was 1.0 M LiPF6 in a mixture of DMC, EC and
EC, 1:1:1 (v/v) (Li-battery grade, Samsung).
A computer controlled LAND BT1-10 8-channel battery

ycler was used for half-cell cycle test. The cells were tested
sing constant current-charge and discharge in voltage range
etween 3.5 and 4.9 V. The current density was selected as
0 mA g−1.

. Results and discussion

.1. Thermal properties

Fig. 1 shows the TG/DSC profiles for the mixed precursor,
ainly composed of (CH3COO)(Ni1/2Mn3/2)(C2O4Li).
According to the TG-DSC profile and other reports [14,15],

he synthesis process of precursors is supposed to be:

iOH·H2O + H2C2O4·2H2O = LiHC2O4 + 4H2O (1)

iHC2O4 + (Ni1/2Mn3/2)(Ac)2·4H2O

= (CH3COO)(Ni1/2Mn3/2)(C2O4Li) + 4H2O + HAc

(2)
he loss of weight from room temperature to 200 ◦C can
e assigned to the loss of absorbed water and the resid-
al CH3COOH. The weight loss between 200 and 310 ◦C is

ig. 1. TG/DSC profiles for LiNi1/2Mn3/2O4 precursor heat-treated from room
emperature to 1000 ◦C at 10 ◦C min−1 in air.
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ig. 2. XRD patterns of LiNi1/2Mn3/2O4 heated at various temperatures (500,
00, 700 ◦C).

ssociated with the decomposition and combustion of the con-
tituents in the precursors and due to the formation of final
i(Ni1/2Mn3/2)O4 powders, which corresponds to an exother-
ic peak on the DSC curve. The overall weight loss of the TG

urve is consistent with the value of weight loss in experiments,
hich indicates the validity of the synthesis reaction. The weight

emains unchanged above 400 ◦C, so 500, 600 and 700 ◦C are
elected as the three synthesis temperatures.

.2. Crystal structure properties

Fig. 2 shows the X-ray diffraction patterns of the final prod-
cts synthesized at various temperatures (500, 600, 700 ◦C). All
he peaks correspond to the spinel-type structure with space
roup of Fd3̄m based on standard LiMn2O4 structure [16]. No
mpurity phase is observed in the XRD patterns heated at differ-
nt temperatures, which implies that even at the temperature of
00 ◦C, LiNi1/2Mn3/2O4 powders will be synthesized.

.3. Morphology of the synthesized LiNi1/2Mn3/2O4

owders

The SEM images of LiNi1/2Mn3/2O4 heated at different tem-
eratures are given in Fig. 3. The powders of sample synthesized
t 500 ◦C have uniform solid agglomerates with the particle size
anging from 0.25 to 0.5 �m. The particle size of the other two
amples is nonuniform. The surfaces of the particles become
moother while the sizes become larger when heated at higher
emperature.

.4. Electrochemical properties

The cells were tested using constant current-charge and dis-
harge between 3.5 and 4.9 V. The current density was selected
s 70 mA g−1. Fig. 4 shows the charge–discharge curves of the

ynthesized samples. It is clear that the samples show high volt-
ge plateau around 4.7 V versus Li metal. So the 5 V cathode
aterials LiNi1/2Mn3/2O4 was successfully synthesized by low

eating solid-state reaction at 500, 600 and 700 ◦C.
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Fig. 4. Charge–discharge curves at the forth cycle of the samples prepared with
different calcinations temperature.
ig. 3. SEM images of LiNi1/2Mn3/2O4 synthesized at 500 ◦C (a), 600 ◦C (b)
nd 700 ◦C (c).

Fig. 5 shows the cycling performance of the samples prepared
t different temperatures. The first discharge specific capaci-
ies of LiNi1/2Mn3/2O4 at room temperature are 102, 112, and
8 mA h g−1 for samples heated at 500, 600, 700 ◦C, respec-
ively. The reversible capacities after 20 cycles are 117 mA h g−1

114% of the first discharge capacity), 110 mA h g−1 (98.2%
f the first discharge capacity), and 110 mA h g−1 (125% of

he first discharge capacity) for samples synthesized at 500,
00, 700 ◦C, respectively. The reversible capacities of the sam-
les synthesized at 500 and 700 ◦C increase with cycling
xcept for a little decrease of the 600 ◦C heated sample. Fur-

Fig. 5. Cycling performance of the samples prepared with different calcinations
temperature.
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[

[

[

[
[14] X. Tang, L. He, Z. Chen, D. Jia, Chin. J. Inorg. Mater. 18 (2003) 313 (in
ig. 6. The median voltage vs. cycle number of the sample prepared at 500 ◦C.

her researches are certainly necessary to study the pheno-
ena.
Fig. 6 shows the median voltage versus cycle number of the

00 ◦C synthesized sample. The median voltage of the sam-
le decreases from 4.64 to 4.6 V in the first 20 cycles and to
.56 V after another 20 cycles. The decrease of the median volt-
ge with cycling is related to the structure of the LiNi1/2Mn3/2O4
ample. The structure of the sample may change with cycling,
nd then the capacity at 4 V plateau increases. That interprets
hy the capacity of sample increases with cycling. Further

esearches will be done to investigate the structure change with
ycling.

. Conclusions

The 5 V cathode materials LiNi1/2Mn3/2O4 were synthe-
ized by low-heating solid-state reaction with heating the mixed
recursors at 500, 600, 700 ◦C. The low-heating solid-state
eaction, as an ideal method used to produce fine, chemically
omogenegeous and pure single phase powders, can solve the

roblem of the sol-gel synthesis method which is complicated,
r the high temperature solid state reaction which requires
ery high sintering temperature and long time with protective
tmosphere.

[

[

urces 174 (2007) 515–518

The XRD peaks correspond to the spinel-type structure with
pace group Fd3̄m. The powders of the 500 ◦C synthesized sam-
le have uniform solid agglomerates and the particle size ranges
rom 0.25 to 0.5 �m. The size of the other two samples is nonuni-
orm. The surfaces of the particles become smoother while the
izes become larger when heated at higher temperature. Dur-
ng the electrochemical cycling, it is clear that the samples show
igh voltage plateau around 4.7 V versus Li metal and the capac-
ty increases. But the median voltage decreased, which related
o the structure change of the LiNi1/2Mn3/2O4 sample. Further
esearches are needed to study the electrochemical properties of
iNi1/2Mn3/2O4 material.
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