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a  b  s  t  r  a  c  t

The  formation  of  impurity  LixNi1−xO when  synthesizing  spinel  LiNi0.5Mn1.5O4 using solid  state  reaction
method,  and  its  influence  on  the  electrochemical  properties  of product  LiNi0.5Mn1.5O4 were  studied.  The
secondary  phase  LixNi1−xO emerges  at high  temperature  due  to oxygen  deficiency  for  LiNi0.5Mn1.5O4 and
partial  reduction  of Mn4+ to  Mn3+ in  LiNi0.5Mn1.5O4. Annealing  process  can  diminish  oxygen  deficiency
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and  inhibit  impurity  LixNi1−xO. The  impurity  reduces  the  specific  capacity  of product,  but  it  does  not  have
obvious  negative  effect  on  cycle  performance  of  product.  The  capacity  of  LiNi0.5Mn1.5O4 that  contains
LixNi1−xO  can  deliver  about  120  mAh  g−1.

© 2011 Elsevier B.V. All rights reserved.
lectrochemical properties

. Introduction

In recent years, the 5 V cathode materials LiNi0.5Mn1.5O4 for
ithium ion batteries have attracted much attention. The high work-
ng voltage can lead to a high power density, so the batteries with
his material as cathode will produce a high power output. So far,
early all studies have focused on pure phase LiNi0.5Mn1.5O4 and

ts derivatives, and great efforts have been made to avoid impu-
ity phase such as LixNi1−xO [1–3]. It is generally believed that the
mpurity LixNi1−xO can deteriorate the electrochemical properties
f products [4–6].The impurity LixNi1−xO results from oxygen defi-
iency in high temperature process of synthesizing LiNi0.5Mn1.5O4
7]. It is a common phenomenon that there is impurity LixNi1−xO in
roduct when solid-state reaction method is used. Solid-state reac-
ion is a commonly used method to prepare electrode materials for
ithium ion batteries. It is simple and suitable for mass produc-
ion. However, there is a trend that various wet chemical methods
re employed to synthesize LiNi0.5Mn1.5O4 in order to avoid impu-
ity LixNi1−xO in products [8–10]. These wet chemical methods are
ore complicate and expensive to synthesize products than solid

tate reaction methods. If the impurity LixNi1−xO does not play a
eriously negative role on products, the solid state methods should

e recommended to produce LiNi0.5Mn1.5O4 commercially.

It is necessary to study how the impurity LixNi1−xO affects the
lectrochemical performances of products. In this study, the spinel

∗ Corresponding author. Tel.: +86 024 83673860; fax: +86 024 83687731.
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LiNi0.5Mn1.5O4 compounds were synthesized by different solid
state reaction methods. The products contained different amount
of impurities. How the impurity LixNi1−xO affects the performance
of products was  studied and analyzed by electrochemical experi-
ments such as galvanostatic measurements and cyclic voltametry.

2. Experimental

The spinel LiNi0.5Mn1.5O4 compounds were synthesized by different solid state
reaction methods. The chemical Ni(OH)2, MnO2 and LiOH·H2O were used as starting
materials. When synthesizing LiNi0.5Mn1.5O4 (1), the molar ratio of Li:Ni:Mn was
1.02:0.5:1.5, and the reaction temperature was  850 ◦C for 12 h. The additional 2% of
Li  salt was to compensate for the loss of Li during high temperature reaction. When
synthesizing LiNi0.5Mn1.5O4 (2), the molar ratio of Li:Ni:Mn was 1.02:0.5:1.5. The
reactants were calcined at 850 ◦C for 12 h and then annealed at 600 ◦C for 12 h.

The  phase identification of the prepared samples was  carried out by X-ray
diffraction (XRD) using a Multiflex X-ray powder diffractometer (Rigaku Co. Ltd.).
X-ray profiles were measured between 10 and 80◦ (2� angle) with a monochro-
matic Cu K� radiation source. Quantitative impurity phase analysis were made
using Lutterotti’ version of the Rietveld program MAUD [11]. The morphologies
of  the products were examined with a FEI NOVA NANOSEM430 scanning electron
microscope (SEM).

The electrochemical properties of products were tested in cells with metallic
lithium used as both negative and reference electrode. The cathode was separated
from the Li anode by a layer of celgard 2300 membrane soaked with the electrolyte
of 1 M LiPF6 in a 1:1 (v/v) mixture of ethylene carbonate (EC) and dimethyl carbonate
(DMC). The cathode was prepared by coating a slurry of 90% (weight percent) active
material, 5% conducting carbon black, and 5% PVDF binder in NMP  on an aluminum
foil, drying in an oven, roller-pressing the dried coated foil, and punching out circular

2
discs of 1.23 cm . The cells were assembled into CR2025 coin cells in an argon-filled
dry  box. Galvanostatic measurements were performed at a constant current density,
in  the range of 3.5–4.9 V. All the tests were carried out at room temperature. Cyclic
voltametry (CV) was  conducted at a scan rate of 0.1 mV s−1 between 3.5 V and 4.9 V
versus Li/Li+.

dx.doi.org/10.1016/j.jallcom.2011.07.045
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:liugq@smm.neu.edu.cn
dx.doi.org/10.1016/j.jallcom.2011.07.045
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Fig. 1. Scanning electron micrograghs of reactants MnO2

. Results and discussion

Fig. 1 shows the SEM images of reactant materials and product
iNi0.5Mn1.5O4 (1). The micrograph of product is much different
rom those of reactants Ni(OH)2 and LiOH·H2O, but somewhat like

hat of MnO2.

Fig. 2 shows the XRD patterns of the prepared prod-
ct LiNi0.5Mn1.5O4 (1) and reference material Li0.26Ni0.72O. The
i0.26Ni0.72O corresponds to the ICSD file No: 41890, with a space
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Fig. 2. XRD patterns of LiNi0.5Mn1.5O4 (1) and LixNi1−xO.
i(OH)2 (b), LiOH·H2O (c) and product LiNi0.5Mn1.5O4 (1).

group of Fd3m. It can be seen that there are small peaks at 37.5◦,
43.6◦ and 63.3◦ in the pattern of product, illustrating that there are
secondary phases LixNi1−xO. The arrows indicate these impurity
peaks. The lattice parameter is calculated to be 8.201(7) Å.

The impurities LixNi1−xO have been reported in the previous
literatures [12,13]. It is generally believed that this impurity can

deteriorate the electrochemical properties. But its influence degree
on the electrochemical properties of product has not been studied
and explicitly reported so far. Fig. 3 shows the charge–discharge
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Fig. 3. Charge/discharge curves for LiNi0.5Mn1.5O4 (1) at 0.5 C and 1.0 C.
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Fig. 4. Cycle performances of LiNi0.5Mn1.5O4 (1).

urves of LiNi0.5Mn1.5O4 (1) which contains impurity LixNi1−xO.
he discharge capacities are 118 mAh  g−1 at 0.5 C and 115 mAh  g−1

t 1.0 C, respectively. The cycle performance at 1.0 C is displayed
n Fig. 4. It can be found that there is only small capacity decay
fter 50 cycles. The theoretical capacity of LiNi0.5Mn1.5O4 is about
48 mAh  g−1. There is a capacity of about 26 mAh  g−1 that is not
elivered by sample LiNi0.5Mn1.5O4 (1). It is reasonable to infer that

 part of capacity loss results from the impurity LixNi1−xO. How-
ver, it should also be found that the impurity LixNi1−xO does not
eteriorate the cycle performances of product.

Fig. 5 shows the differential chronopotentiometry test result
dQ/dE). There are two oxidation peaks at 4.72 and 4.77 V and
he corresponding reduction peaks at 4.68 and 4.71 V. This
s an oxidation/reduction process of Ni2+/Ni3+ and Ni3+/Ni4+.
here is also a small peak at around 4.0 V, indicating that the
xidation/reduction process of Mn3+/Mn4+ exits. The impu-
ity LixNi1−xO and Mn3+ were resulted from oxygen deficiency
n the synthesizing process. The reaction mechanism of syn-
hesizing LiNi0.5Mn1.5O4 can be denoted as the following
quation:0.5Ni(OH)2 + 1.5MnO2 + LiOH·H2O → LiNi0.5Mn1.5O4 + 2H

At high synthesizing temperature, LiNi0.5Mn1.5O4 losses oxy-
en and disproportionates to a mixture of a spinel phase and a
econdary phase LixNi1−xO because of partial reduction of Mn4+
o Mn3+. This reaction process can be depicted as follows:

iNi0.5Mn1.5O4qLizNi1−zO + rLiNi0.5−wMn1.5 + wO4 + sO2
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Fig. 5. Differential chronopotentiograms for LiNi0.5Mn1.5O4 (1).
Fig. 6. XRD patterns of LiNi0.5Mn1.5O4 (2).

The oxygen deficiency for products will become more severe
when the calcinations temperature is high.

In order to further investigate the influence of impurity
LixNi1−xO. The sample LiNi0.5Mn1.5O4 (2) was also synthesized by
another solid state reaction method. Fig. 6 shows the XRD pattern
of product. The compound LiNi0.5Mn1.5O4 (2) was synthesized at
850 ◦C for 12 h and then annealed at 600 ◦C for 12 h. It can be found
that the intensity of impurity LixNi1−xO peaks decreased comparing
to that of sample LiNi0.5Mn1.5O4 (1). It is apparent that the anneal-
ing process diminishes the oxygen deficiency. There is no obvious
difference between the diffraction angles of these two samples,
which indicates that the lattice constants of the two  samples are
nearly the same. In fact, the lattice parameter of LiNi0.5Mn1.5O4 (2)
is calculated to be 8.192 (2) Å. The difference of lattice constant
between the two samples is minute.

Fig. 7 illustrates the charge–discharge curves of the sample
LiNi0.5Mn1.5O4 (2). This test was  conducted at 0.5 C charge cur-
rent and different discharge current rates. The discharge capacities
were 119.5 mAh  g−1 at 0.5 C and 116.3 mAh  g−1 at 1 C, respectively.
The specific capacity in around 4 V was  about 13.0 mAh  g−1. It is
less than that of LiNi0.5Mn1.5O4 (1). The specific capacity of sam-
ple LiNi0.5Mn1.5O4 (1) in around 4 V was about 16.5 mAh g−1. This

3+
proves that there was  less amount of Mn in sample LiNi0.5Mn1.5O4
(2) than sample LiNi0.5Mn1.5O4 (1). The reason is that there is less
oxygen deficiency due to the annealing process.
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Fig. 7. Charge/discharge curves for LiNi0.5Mn1.5O4 (2) at 0.5 C and 1.0 C.
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Fig. 10. Scanning electron micrographs of LiNi0.5Mn1.5O4 (2).

Fig. 11. XRD refinement results of LiNi0.5Mn1.5O4 (2).

Table 1
Quantitative phase analysis results of LiNi0.5Mn1.5O4 samples by Rietveld method.

Content of Content of Rwp(%) Rp(%)
Cycles

Fig. 8. Cycle performances of LiNi0.5Mn1.5O4 (2).

The cycle performances of sample LiNi0.5Mn1.5O4 (2) are shown
n Fig. 8. Its discharge capacities at 2 C and 4 C were 107.5 and
8.5 mAh  g−1, respectively. The retaining rate of capacity was good
or every current rate.

Fig. 9 shows the differential chronopotentiometry test result
dQ/dE) for sample LiNi0.5Mn1.5O4 (2). There are two oxidation
eaks at 4.71 and 4.77 V and the corresponding reduction peaks at
.67 and 4.71 V. This is an oxidation/reduction process of Ni2+/Ni3+

nd Ni3+/Ni4+. There is also a small peak at around 4.0 V. Its intensity
s weaker than that of sample LiNi0.5Mn1.5O4 (1). This also indicates
hat the amount of Mn3+ in sample LiNi0.5Mn1.5O4 (1) is less than
hat of LiNi0.5Mn1.5O4 (1). The micrograph of sample is displayed
n Fig. 10.  Some polyhedrons appear in the SEM image. There is a
road distribution of particle size. Many small particles aggregate

arger pellets. The largest single particle is about 20 �m.
Fig. 11 shows XRD refinement results of LiNi0.5Mn1.5O4 (2). The

bserved data are indicated by crosses and the calculated profile
s the continuous line overlaying them. The lower curve is the dif-
erence between the observed and calculated intensities at each
tep, plotted on the same scale and shifted a little downwards for
larity. The calculated pattern agrees quite well with the observed
ne. The phases analyses for the materials determined by Rietveld
efinement are displayed in Table 1. From the above results, it can
e seen that the LiNi0.5Mn1.5O4 sample (2) possesses about 1.6%
mpurity content. In the same way, the LiNi0.5Mn1.5O4 sample (1)
ossesses about 8.5% impurity content.

The above results demonstrate that the impurity LixNi1−xO can
educe the specific capacity of products. However, there is no
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Fig. 9. Differential chronopotentiograms for LiNi0.5Mn1.5O4 (2).

LiNi0.5Mn1.5O4 (wt%) Li0.26Ni0.72O (wt%)
Sample 1 98.4 1.6 12.1 7.2
Sample 2 91.5 8.5 11.6 6.8

obvious evidence that the impurity LixNi1−xO impairs the cycle
performances of products. According the previous reports, the
LixNi1−xO phase can be used as anode materials for lithium ion bat-
teries, exhibiting good electrochemical properties. At 100 mA  g−1,
its discharge capacity of the first cycle was  up to 1480 mAh  g−1 for
Li0.1Ni0.9O below 1.5 V [14]. Therefore, the impurity LixNi1−xO is not
a complete insulator in the product. It is not an obstacle for lithium
ion to transfer in the lattice of spinel LiNi0.5Mn1.5O4.

4. Conclusions

The generation of impurity LixNi1−xO and its influence on
properties of product LiNi0.5Mn1.5O4 were studied. Producing
LiNi0.5Mn1.5O4 by solid state method usually accompanies the

impurity LixNi1−xO. At high synthesizing temperature, oxygen
deficiency may  take place for LiNi0.5Mn1.5O4, resulting in sec-
ondary phase LixNi1−xO and partial reduction of Mn4+ to Mn3+. An
annealing process may  inhibit the secondary phase LixNi1−xO. The
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mpurity reduces the specific capacity of products, but it does not
xert negative effects on cycle performance. The specific capacity
f spinel LiNi0.5Mn1.5O4 synthesized by solid state method is about
20 mAh  g−1.
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