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Improvement of electrochemical properties of LiNi0.5Mn1.5O4 spinel
prepared by radiated polymer gel method
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Abstract

LiNi0.5Mn1.5O4 as a 4.7 V-class cathode material was prepared through the radiated polymer gel method that allowed homogeneous mixing
of starting materials at the atomic scale. After calcinations of the polymer gels containing the metal salts at different temperatures from 750 to
1150 ◦C, powders of a pure LiNi0.5Mn1.5O4 phase were obtained. X-ray diffraction and transmission electron microscopy were used to characterize
the structures of the powders. Galvanostatic cell cycling and a simultaneous DC resistance measurement were performed on Li/LiNi0.5Mn1.5O4

cells. It is found that the powder calcined at 950 ◦C shows the best electrochemical performance with the initial discharge capacity of 139 mAh g−1
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nd 96% retention after 50 cycles. Adopting a slow cooling procedure for the powder calcination can increase the capacity of LiNi0.5Mn1.5O4 at
he 4.7 V plateau. Besides, a “w”-shape change of the DC resistance of Li/LiNi0.5Mn1.5O4 cells is a good indication of the structural change of
iNi0.5Mn1.5O4 electrode during charge and discharge courses.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Lithium secondary batteries based on LiCoO2 cathode and
raphite anode have proved to be the best power sources for
ortable electronic devices because of their high output voltages,
igh specific energy densities, and excellent cycling perfor-
ance. However, there is a further demand for even higher

pecific energy density for use in large devices such as elec-
ric vehicles. One plausible solution to such an energy density
ssue is to use cathode materials with higher working volt-
ges. It is well known that LiCoO2, LiNiO2, and LiMn2O4 are
ombined with carbon anode materials to make 4.0 V recharge-
ble lithium-ion batteries [1–7]. Among them, the spinel-type
iMn2O4 has been investigated as a cheap cathode material
ecause Mn-containing precursors are usually much cheaper
han Co-precursors [3,5,6]. However, plain LiMn2O4 is not
table during the discharge and charge cycles in batteries. There-
ore, much research has been performed to improve its cycling
erformance. An effective strategy is the partial substitution of

Mn ions with other transition metal ions such as Ti, Cr, Fe,
Co, Ni, Cu and Zn [8,9], and Er [10]. During the course of these
studies, it has been found that a Ni-substituted spinel manganese
oxide, i.e. LiNi0.5Mn1.5O4, has exhibited the desired discharge
and charge behavior in the 5.0 V regions [8,9].

So far, many chemical routes have been used to synthesize
spinel LiNi0.5Mn1.5O4 powders and thin films. These synthesis
methods include solid-state reaction [9], sol–gel [11], emul-
sion drying [12], electrostatic spray deposition [13], composite
carbonate process [14,15], ultrasonic spray pyrolysis [16], and
molten salt process [17]. It can be concluded from these ear-
lier studies that most of these routes do not produce a pure
phase LiNi0.5Mn1.5O4 but rather often with impurities of nickel
oxides. For the few methods that result in pure LiNi0.5Mn1.5O4
phase, such as composite carbonate process [14,15] and ultra-
sonic spray pyrolysis [16], they are too complicated to be easily
applied in actual large-scale production.

On the other hand, LiNi0.5Mn1.5O4 is found to have two dif-
ferent crystal structures of the space groups of Fd3m in which
Mn ions are present in mainly Mn4+ and minor Mn3+, and P4332
in which Mn ions are only present in Mn4+ [18]. It is considered
∗ Corresponding author. Tel.: +86 551 3602938; fax: +86 551 3602940.
E-mail address: cchchen@ustc.edu.cn (C.H. Chen).

that the LiNi0.5Mn1.5O4 of Fd3m space group can be converted
to that of P4332 space group by means of a post-annealing pro-
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cess [11,16,18]. The annealing readily changes the oxidation
state of Mn from 3+ to 4+, leading to the production of perfect
LiNi0.5

2+Mn1.5
4+O4 crystal structure. Nevertheless, according

to Kim et al.’s studies [18], LiNi0.5Mn1.5O4 of Fd3m space group
has superior electrochemical behavior and structure reversibil-
ity compared to LiNi0.5Mn1.5O4 with P4332 space group. Thus,
we have been mostly targeting the LiNi0.5Mn1.5O4 with Fd3m
space group in our investigations.

In our previous study, we have succeeded in preparing
LiCoO2 powder through a novel radiated polymer gel method
(RPG) [19]. It is similar to the sol–gel method, but without the
sol-to-gel step. Instead, we directly obtain a polymer gel that
contains precursor salts by using �-ray irradiation to initiate the
polymerization of an organic monomer solution. In this method,
the formation of the gel is quick and easy to control, and, most
importantly, the precursors are mixed very homogeneously in the
gel that can be transformed into a cathode powder after high-
temperature calcination.

In this study, we adopt this simple and excellent syn-
thetic method RPG to synthesize LiNi0.5Mn1.5O4. Mean-
while, we compare the effect of two different cooling proce-
dures on the structure and electrochemical performance of the
LiNi0.5Mn1.5O4 powders. We have also found that a “w”-shape
change of the DC resistance of Li/LiNi0.5Mn1.5O4 cells is a good
indication of the structural change of LiNi0.5Mn1.5O4 electrode
during charge and discharge courses.
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carbonate (DMC) (1:1, w/w) as the electrolyte. The cells were
tested on a multi-channel battery cycler (Shenzhen Neware Co.
Ltd.) and subjected to charge–discharge cycles at 0.2 mA cm−2,
respectively, between 3.0 and 5.1 V (versus Li metal).

The internal resistance of the cells was also measured by a
current interruption technique. This was done by cutting off the
current intermittently for 1 min through the process of charge
and recording the voltage change before and after interruption.
Thus, the DC resistance of a cell (Rdc) at a certain state-of-
charge (SOC) or depth of discharge (DOD) can be calculated as
Rdc = �U/�I.

3. Results and discussion

3.1. Structure analysis

Based on Kim et al.’s study [18], crystal structure of
LiNi0.5Mn1.5O4 with cubic spinel structure (Fd3m) is illustrated
in Fig. 1A, where Li ions are in 8a sites, Ni and Mn ions in 16d
sites, and O ions in 32e sites. Note that stoichiometric number of
O ions is assumed in this drawing although there may be some
oxygen deficiency in the samples calcined in air or an oxygen-
poor atmosphere [12]. In addition, the Ni and Mn ions are
assumed to be randomly distributed on 16 sites. Fig. 1B shows
the XRD patterns of the LiNi0.5Mn1.5O4 powders obtained by
calcining the radiated gel at a temperature from 750 to 1150 ◦C. It
c
a
s
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X-ray diffraction patterns of LiNi0.5Mn1.5O4 calcined at 750 ◦C (a), 850 ◦C (b),
950 ◦C (c), 1050 ◦C (d), and 1150 ◦C (e). The peak indicated by a star is from
the diffraction of NiO or LixNiyO (B).
. Experimental

LiNO3, Ni(NO3)2·6H2O, and Mn(CH3COO)2·4H2O were
issolved in deionized water in the molar ratio of
i:Ni:Mn = 1.06:0.5:1.5 to obtain a 0.5 mol/L solution, then
crylic acid (AA) (CH2 CHCOOH) was added to form an
A–H2O (1:2, v/v) solution, the pH value of which was about
. The solution was polymerized under the condition of Co60
-ray irradiation (intensity 55–75 Gy/min) for 5 h. Thus, a green
nd homogeneous poly(acrylic acid) gel was obtained. The gel
as heated at 140 ◦C for 8 h to get rid of the impregnated water

nd AA residue. A subsequent heat treatment was carried out at
50–1150 ◦C in air for 10 h followed by a natural cooling step
approximately 80 ◦C/h cooling rate) to obtain LiNi0.5Mn1.5O4
owders. To investigate the effect of cooling rate, we also
dopted a slow cooling step (approximately 12 ◦C/h cooling rate)
or the sample calcined at 950 ◦C.

The crystalline structure of the samples was characterized by
-ray diffraction (XRD) using a diffractometer (Philips X’Pert
ro Super, Cu K� radiation). The diffraction patterns were
ecorded at room temperature in the 2θ range from 10◦ to 70◦.
he powder sintered at 950 ◦C was also analyzed under a trans-
ission electron microscope (TEM, 200 kV; Hitachi H-800).
Electrode laminates for the electrochemical testing were pre-

ared by casting a slurry consisting of a LiNi0.5Mn1.5O4 powder
75 wt.%), acetylene black (15 wt.%), and poly(vinylidene fluo-
ide) (PVDF) (10 wt.%) dispersed in 1-methyl-2-pyrrolidinone
NMP) onto an aluminum foil. The laminates were then dried
t 70 ◦C for 2 h. The Li/LiNi0.5Mn1.5O4 coin-cells (2032 size)
ere made with 1 M LiPF6 in ethylene carbonate (EC):diethyl
an be seen that the calcinations at 750, 850, 950, and 1050 ◦C in
ir have produced a single phase of LiNi0.5Mn1.5O4 with cubic
pinel structure (Fd3m). Here, we show that the single phase

ig. 1. Crystal structure of LiNi0.5Mn1.5O4 having Fd3m space group (A), and
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Fig. 2. The lattice parameter of LiNi0.5Mn1.5O4 powders as a function of the
calcination temperature.

of LiNi0.5Mn1.5O4 can be easily prepared by the RPG method
without any repeated calcination steps. This is due to the advan-
tage of very homogeneous mixing of the cations, i.e. Li, Ni, and
Mn ions, in the gel precursor. However, when the calcination
temperature is as high as 1150 ◦C (pattern e), a small amount of
impurity phase that may be assigned to NiO or LixNiyO is also
detected in the sample. The appearance of the impurity phase is
likely related to the loss of lithium at high temperatures. This
phenomenon is different from that found in a solid-state reaction
[9], where impurity phases appear at a relatively low sintering
temperature.

In addition, based on these XRD patterns the lattice param-
eters can be calculated by Unit Cell software based on the
least-square method. The result is shown in Fig. 2. It is obvi-
ous that with increasing the calcination temperature from 750 to
1150 ◦C, the lattice parameter increases monotonously. As men-
tioned above, oxygen deficiency in the product occurs at high
temperatures [12]. Thus, as long as oxygen loss takes place, the
average manganese valence would decrease owing to the charge
balance compensation, implying some small portion of Mn4+ is
reduced to Mn3+, resulting in the lattice parameter increasing
with increasing calcination temperature.

The TEM image of the powder calcined at 950 ◦C is shown
in Fig. 3. The particles are irregular-shaped and the particle size
is in the range of 80–200 nm. The particle morphology of the
powders calcined at other temperatures is similar to the 950 ◦C-
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Fig. 3. TEM image of the LiNi0.5Mn1.5O4 powder calcined at 950 ◦C for 10 h.

ity and the 4.7 V-plateau capacity among all the cells using
LiNi0.5Mn1.5O4 calcined at five different temperatures as the
cathode materials. Furthermore, its discrepancy between the
charge and discharge voltage plateaus is the smallest, which
probably means a minimum cell impedance for it. Therefore,
even though a single LiNi0.5Mn1.5O4 phase is formed, there
may exist Mn3+ ions in the product. Apparently, there is no
Mn3+ existing in the 750 ◦C-calcined powder owing to no oxy-
gen loss at the low calcination temperature. This is consistent
with Myung et al.’s study where they have found that a low sin-
tering temperature is in favor of reducing the amount of Mn3+

in the spinel structure [12].
Fig. 5 shows the overall discharge capacity (Fig. 5a) and

4.7 V-plateau capacity, which is defined in this study by the dis-
charge capacity above 4.2 V (Fig. 5b), with the cycle number
for the Li/LiNi0.5Mn1.5O4 cells. It can be seen that the 950 ◦C-
calcined LiNi0.5Mn1.5O4 delivers a capacity of 139 mAh g−1

F
L
(

alcined powder. The irregular shape is expected because the
articles are formed by the breaking-down and burning-out of
olymer gels.

.2. Electrochemical performance

The charge–discharge profiles of Li/LiNi0.5Mn1.5O4 cells
ycled between 3.0 and 5.1 V at 30 ◦C are presented in Fig. 4. It
an be seen that except for the LiNi0.5Mn1.5O4 powder calcined
t 750 ◦C that only shows the 4.7 V plateau, all of the other cells
ade with Li/LiNi0.5Mn1.5O4 electrodes reveal a long 4.7 V

lateau and a short 4 V plateau. The 4.7 V plateau is caused by the
edox reactions of Ni2+/Ni4+, while the 4.0 V plateau is caused
y the redox reactions of Mn3+/Mn4+ [8]. The 950 ◦C-calcined
iNi0.5Mn1.5O4 powder delivers both the highest overall capac-
ig. 4. Charge–discharge curves for Li/LiNi0.5Mn1.5O4 cells with
iNi0.5Mn1.5O4 calcined at 750 ◦C (a), 850 ◦C (b), 950 ◦C (c), 1050 ◦C

d), and 1150 ◦C (e). The current density was 0.2 mA cm−2.



H.Y. Xu et al. / Electrochimica Acta 51 (2006) 4352–4357 4355

Fig. 5. The overall discharge capacity (a) and 4.7 V-plateau capacity (b) of
Li/LiNi0.5Mn1.5O4 cells at the current density of 0.2 mA cm−2. The 4.7 V-
plateau capacity is defined as the capacity above 4.2 V.

in the first cycle and retains 96% of the initial capacity after 50
cycles (Fig. 5a). This result is very close to the theoretical capac-
ity of LiNi0.5Mn1.5O4, i.e. 146 mAh g−1, and is among the best
data ever reported in literature [12,15]. It is also noticed that with
increasing the calcination temperature from 750 to 950 ◦C, the
capacity first increases and reaches a maximum at the calcination
temperature of 950 ◦C; then it decreases with increasing the cal-
cination temperature from 1050 to 1150 ◦C. The 4.7 V-plateau
capacity follows the same trend (Fig. 5b). Obviously, the pow-
der calcined at 950 ◦C still gives rise to the highest 4.7 V-plateau
capacity with 120 mAh g−1 in the first cycle. It is around 70, 90,
100, and 80 mAh g−1, respectively, for the LiNi0.5Mn1.5O4 sam-
ples calcined at 750, 850, 1050, and 1150 ◦C. This trend can be
understood by considering the change of crystallinity and the
stoichiometry of the calcined powders. The higher calcination
temperature leads to higher crystallinity (Fig. 1B) that helps to
increase the electrode capacity. On the other hand, too high cal-
cination temperature may be accompanied by oxygen loss and
the appearance of impurity phases such as NiO. Therefore, with
the combination of these two factors, 950 ◦C happens to be the
optimal calcination temperature.

A typical discharge voltage profile with a simultaneous cur-
rent interruption measurement is given by Fig. 6a. The spikes
on the curve are due to the rapid voltage rises when the cur-
rent is cut into zero. The shape of the voltage response is also
inserted in Fig. 6a. DC resistance of the cells versus the state-of-
c

charged capacity during a charge step to the overall achievable
charge capacity, is shown in Fig. 6b. Obviously, among all the
cells, the one using the 950 ◦C-calcined LiNi0.5Mn1.5O4 demon-
strates minimum resistance. This is also a reason why this cell
can achieve the maximum capacity (Fig. 5). In addition, except
for the cell using 750 ◦C-calcined LiNi0.5Mn1.5O4, other cells
show the same pattern of the resistance versus SOC relationship.
In the beginning stage of the charge step, cell resistance increases
quite rapidly and reaches a maximum at the SOC of 10–20%.
Then the resistance quickly drops to a relatively low value and
then it undergoes small changes for the rest of the charge step.
A careful observation on the curve shape leads us to conclude
that the curves for the rest of charge step can be roughly evenly
divided into two segments, which is probably corresponding to
the Ni2+/Ni3+ transition before 50% SOC and the Ni3+/Ni4+

transition after 50% SOC. Such a division is more obvious if
we plot the DC resistance against the cell voltage at which the
current interruption starts (Fig. 6c). We can clearly see that each
curve has two minimum resistance values at around 4.7 V, form-
ing a “w”-shape curve part. Theoretically, this resistance versus
voltage (R–V) curve is very similar to the cyclic voltammogram
of a cell, but it can be obtained during a simultaneous measure-
ment of the galvanostatic capacity of a cell. Considering the fact
that the voltage profiles of the cells do not show clearly the two-
plateau characteristics at around 4.7 V (Fig. 4), the appearance
of the “w”-shape R–V curve indicates that this simultaneous
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harge, which is defined as the ratio (in percentage) of the actual
C resistance measurement is very sensitive to the structural
hange of the electrode. Alternatively, the 4.7 V two-plateau
eature of Li/LiNi0.5Mn1.5O4 cells has been also probed with
yclic voltammetry [13,18,20]. As for the far higher resistance
or the cell using 750 ◦C-calcined LiNi0.5Mn1.5O4 as cathode
han other cells, it is mostly resulted from its relatively poor
rystallinity of the cathode powder (Fig. 1B).

In order to prolong the 4.7 V plateau and suppress the
.0 V plateau, we adopted a slow cooling procedure for the
50 ◦C-calcined LiNi0.5Mn1.5O4 powder to increase its oxy-
en content. Cyclic voltammograms (CV) of Li/LiNi0.5Mn1.5O4
ells using fast-cooled (or called natural-cooled in this study)
nd slowly cooled LiNi0.5Mn1.5O4 samples in the second
ycle are given in Fig. 7a. It is clear that the relative peak
ntensity ratio between the 4 V peak and 4.7 V peak of the
i/LiNi0.5Mn1.5O4 (slowly cooled) cell is much smaller than

hat of the Li/LiNi0.5Mn1.5O4 (fast-cooled) cell. Fig. 7b shows
ycling characteristics of Li/LiNi0.5Mn1.5O4 cells made with
wo kinds of 950 ◦C-calcined LiNi0.5Mn1.5O4 powders obtained
y natural cooling and slow cooling procedures, respectively. It
an be seen from the charge–discharge profiles (Fig. 7b) that
he 4.0 V plateau becomes very shorter for the slowly cooled
iNi0.5Mn1.5O4. The relationships of capacity versus cycle
umber of the cells are also shown in Fig. 7c. It is noticed that
he slowly cooled LiNi0.5Mn1.5O4 shows a little lower overall
apacity than that of fast-cooled sample. However, its capacity at
.7 V plateau is between 120 and 126 mAh g−1 during 50 cycles,
hich is about 10 mAh g−1 higher than that of fast-cooled sam-
le. Hence, the synthesis of LiNi0.5Mn1.5O4 via a slow cooling
tep is a simple and effective method to improve the capacity at
.7 V.
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Fig. 6. A charge profile of a Li/LiNi0.5Mn1.5O4 cell using 950 ◦C-calcined LiNi0.5Mn1.5O4 samples with a simultaneous current interruption measurement (a), the
direct current resistance as a function of state of charge (b) and as a function of cell voltage (c).

Fig. 7. Electrochemical characteristics of Li/LiNi0.5Mn1.5O4 cells with LiNi0.5Mn1.5O4 prepared by natural cooling (80 ◦C/h) and slow cooling (12 ◦C/h), respectively:
cyclic voltammograms (a), voltage profile (b), and capacity vs. cycle number relationship (c).
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4. Conclusions

In this paper, the 4.7 V-cathode LiNi0.5Mn1.5O4 powders
have been prepared with radiated polymer gel method. The elec-
trochemical properties of these powders are closely related to the
calcination temperature. The sample calcined at 950 ◦C shows
the best electrochemical performance with an initial capacity
of 139 mAh g−1 and 96% capacity retention after 50 cycles.
Adopting a slow cooling procedure during the powder calcina-
tions can increase the capacity of LiNi0.5Mn1.5O4 at the 4.7 V
plateau. In addition, a “w”-shape change of the DC resistance
of Li/LiNi0.5Mn1.5O4 cells is a good indication of the struc-
tural change of LiNi0.5Mn1.5O4 electrode during charge and
discharge courses.
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