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a b s t r a c t

This paper describes the fabrication of LiMn2O4/graphite batteries and their performance after storage
at room temperature. The discharge capacity and cyclic performance of the batteries were investigated.
Compared with the batteries without storage, those after storage show better cyclic performance with a
capacity retention ratio of 94.2% after 100 cycles, yet deliver lower capacity. The ratio of capacity recovery
vailable online 27 August 2008

eywords:
iMn2O4
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after storage at room temperature for a month is 96.3%. The reason for the capacity fading and better
cyclic performance was studied with XRD, SEM, EDS, XPS, cyclic voltammograms and AC impedance. It
is found that the lattice parameter of LiMn2O4 shrinks after storage. Mn is dissolved into the electrolyte
and deposited on the anode, and the electrode surface is covered by MnO2. The migration resistance of
LiMn2O4/electrolyte is increased from 20.28 to 53.31 � after storage due to the covered MnO2. But the
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. Introduction

In the near future, there are plenty of opportunities for the
lectric vehicle (EV) and hybrid electric vehicle (HEV) with the
echargeable battery as power source to substitute the traditional
ehicle. The requests of the rechargeable lithium ion battery are
othing more than low cost, safety, high energy density and green.
mong all candidate cathode materials, LiMn2O4 is proposed to
atisfy the field-use requirements and becomes the promising cath-
de material for commercial usage. However, the cells used spinel
iMn2O4 as a cathode material have been known to cause severe
apacity fading on charge–discharge cycling or storage, especially
t high temperature [1–4].

The mechanism of the capacity fading during charge–discharge
ycling has not been completely clarified, although some fac-
ors concerned have been discussed: (i) electrochemical reactions
f electrolyte solution at high voltage (above 4.0 V); (ii) irre-
ersible phase and structure transition [5–7] (i.e. Jahn-Teller
istortion); (iii) Mn dissolution of spinel LiMn2O4 cathode

nto the electrolyte according to the disproportional reaction:

Mn3+ → Mn4+ + Mn2+[8–11].

Many research groups have attempted to stabilize the struc-
ure of LiMn2O4 powders during cycling by substituting a small
raction of the manganese-ions with several divalent or triva-

∗ Corresponding author. Tel.: +86 731 8836633.
E-mail address: lyjian122331@yahoo.com.cn (L. Xinhai).
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the LiMn2O4 from electrolyte, which can improve the cyclic performance.
© 2008 Elsevier B.V. All rights reserved.

ent metal ions (M = Al, Se, Mg, Zn, Co, Ti, Ni, Fe, Cr) [12–21]
n the 16 d sites. On the other hand, an appropriate method
o reduce capacity fades of LiMn2O4 is surface coating of
he spinel to avoid Mn dissolution [22–23]. And they have
chieved good results. The cycling performance has been improved
ffectively.

During the fabrication, sale and use of the Li-ion battery, the
attery will be stored for several months. The ratio of spinel bat-
ery capacity recovery after storage is very important to practical
se. Yamane et al. [24], Takahashi et al. [25] and Saitoh et al. [26]
tudied the storage performance of LiMn2O4, and concluded that
he capacity fading was because of the poor conduction between
he active material and collector.

In this study, the storage and charge–discharge cyclic perfor-
ance of Li-ion batteries were studied by using commercially

vailable LiMn2O4 as cathode material and graphite as anode. Struc-
ure and morphology of the cathode electrode after storage were
haracterized by XRD and SEM technique, respectively. XPS, cyclic
oltammograms and AC impedance were used to analyse the sur-
ace state change of LiMn2O4 electrode after storage. And a new
eason of capacity fading after storage was given.

. Experimental
.1. Battery fabrication

The 204468 type Li-ion batteries use LiMn2O4 as the cathode
nd graphite as anode. The electrolyte was 1 M LiPF6 in mixture of

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:lyjian122331@yahoo.com.cn
dx.doi.org/10.1016/j.jpowsour.2008.08.044
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thylene carbonate (EC)/diethyl carbonate (DEC)/dimethyl carbon-
te (DMC) 1:1:1 by volume.

.2. Electrochemical performance test

The capacity test of batteries were charged at 1/3C rate to 4.2 V
nd then discharged at 1/3C rate to 3.0 V at 25 ◦C. For the cycling
est, current for charge–discharge were held at 0.5C.

Electrochemical impedance spectroscopy (EIS) and cyclic
oltammograms (CV) measurements of the cell were carried out
sing CHI660A (Chenghua, Shanghai). The amplitude of the AC
ignal was 5 mV over the frequency range between 100 kHz and
.01 Hz. The sweep rate of CV was 0.1 mV s−1 over a potential of
.5–4.5 V.

.3. Storage performance test

The batteries were charged to half charged state, and then stored
t room temperature for 28 days. After storing, the batteries were
nitially discharged to 3.0 V at 0.2C rate, and then charged to 4.2 V
nd again discharged to 3.0 V at 0.2C rate to measure their capacity.

.4. Structure and surface analysis

For evaluating the cell materials after a charge–discharge cycling
nd storing, the cathode and anode electrodes were collected by
isassembling the tested cells in argon-filled glove box. The cathode
nd anode materials were washed with EC + DEC mixed solution to
emove the electrolyte salt.

The crystal structure of the cathode and anode were character-
zed by X-ray diffraction with Cu K� radiation monochromator at
step width of 0.02◦.The morphology was measured by scanning

lectron microscope (JEOL, JSM-5600LV) with an accelerating volt-
ge of 20 kV. The elements on the surface of graphite electrode were
dentified by energy-dispersive X-ray spectroscopy (EDS).

The surface analysis of LiMn2O4 electrode materials with dis-
harge state, were carried out with ESCA-5700ci XPS (Physical
lectronics Co.).

. Results and discussion
The results of discharge capacity before and after storage are
hown in Fig. 1. The discharge capacities of LiMn2O4/graphite
efore and after storage are 106.8 and 102.8 mAh g−1, respectively.
he ratio of capacity recovery after storage is 96.3%. That is to say

ig. 1. Discharge curve of LiMn2O4 electrode: (A) after storage and (B) before storage.
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ig. 2. The cycle performance of battery at room temperature: (A) after storage and
B) before storage.

hat 3.7% capacity of battery is lost during the storage with half
harged at room temperature for 28 days without cycling. It is well
nown that the capacity fading during storage is commonly linked
o the Mn dissolution [9,10].

Fig. 2 shows the discharge capacity profiles of LiMn2O4/graphite
attery before and after storage according to cycle number at
current density of 0.5C rate between 3.0 and 4.2 V. As shown

n Fig. 2, the LiMn2O4 battery after storage shows better cycling
erformance during 100 cycles with the retention of 94.2%, and
he LiMn2O4 battery without storage shows the retention of
1.4%. The results indicate that the cycling performance of spinel
attery is improved after storage. Fig. 2 also shows that the
yclic performances of LiMn2O4 battery were improved with the
ycle proceeding. From the sixth cycle, the capacity retentions of
iMn2O4 batteries before and after storage after initial 47 cycles are
.16 and 3.19%, and that of the latter 47 cycles are 3.37 and 2.66%,
espectively. This can be concluded that the amount of Li+ inserting
he LixMn2O4 is low because of the decreased discharge capacity,
hich results in higher value of Mn in the LixMn2O4 and minish-

ng the Li+ concentration in the vicinity of the material surface. So
he Jahn-Teller distortion is restrained and results in better cyclic
erformance.

Fig. 3 shows the change of surface morphology for LiMn2O4 after
torage. Compared with Fig. 3(a), the surface of LiMn2O4 shown in
ig. 3(b) is eroded badly by electrolyte during storage. The SEM
mages also indicate that the LiMn2O4 electrode reacts with elec-
rolyte and results in Mn dissolution during the storage.

Fig. 4(a) shows XRD patterns of LiMn2O4 electrode. All the peaks
n the XRD patterns of the LiMn2O4 electrode can be indexed as
he spinel phase (JCPDS: 35-0782) except the characteristic peak of
raphite, indicating that the LiMn2O4 retains spinel structure after
torage.

Fig. 4(b) shows the magnified patterns at 2� = 35.5–40◦. Diffrac-
ion peaks of LiMn2O4 shift to higher angle after storage, indicating
he shrinkage of crystal lattice. The lattice parameters of LiMn2O4
efore and after storage are 8.2395 and 8.2223 Å, respectively. The
esult is in agreement with the X-ray diffraction pattern. The inten-
ity of all peaks in the XRD patterns of the LiMn2O4 electrode were
epressed after storage. The full width of the half maximum inten-
ity (FWHM) of the (3 1 1) peak before and after storage is 0.26 and
.28◦, respectively. The result indicates that the crystallinity of the

pinel decreased after storage.

Fig. 5 shows the EDS of anode before and after storage. In
ig. 5(a), no other elements except for C and O are detected from
he surface of anode. But in Fig. 5(b), F, P and Mn are detected from
he anode. Mn is from the dissolution of LiMn2O4. This result also
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Fig. 3. SEM of LiMn2O4 electrode: (a) before storage and (b) after storage.

ode: (A

v
a

o

Fig. 4. XRD patterns of LiMn2O4 electr
alidates that the Mn of LiMn2O4 is dissolved into the electrolyte
nd deposited on the anode electrode.

The dissolution of Mn is generally attributed to the existence
f HF, which is easily formed in the case of using LiPF6 as the

e
t
a
e

Fig. 5. EDS of the anode: (a) before
) before storage and (B) after storage.
lectrolyte salt. The correlation of HF formation and Mn dissolu-
ion was experimentally reported [2]. LiPF6 itself contains a small
mount of HF during the manufacturing process, and the salt can
asily react with water to form HF. Thus HF unavoidably exists

storage and (b) after storage.
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CV curves of pristine and the stored LiMn2O4 electrode show two
pairs of peak reflecting the typical oxidation processes of LiMn2O4
in 4.05 and 4.15 V (versus Li/Li+) and de-oxidation processes in the
3.95 and 4.05 V, respectively, which involves phase transitions [29].
There is another pair of peak at 3.1 and 2.8 V. It is generally accepted
Fig. 6. XPS of LiMn2O4 electrode:

ith very low concentration in the electrolyte, as shown in Li’s
aper [27].

The combination of HF–H2O in the presence of air is known
o react on the LiMn2O4 in an aqueous medium, according to the
ollowing equation [28]:

LiMn2O4 + 4H+ → 3�–MnO2(s) + Mn2+(l) + 2Li+(l) + 2H2O

(1)

MnO2 is vice production of the Mn dissolution according the
q. (1). The solid state MnO2 should be deposited on the surface of
iMn2O4 electrode, and separates the LiMn2O4 electrode from the
lectrolyte. So it will be good to the electrochemical performance.

The Mn2+ is reduced and deposited on the anode surface, accord-
ng to the following equation:

n2+ + 2e− → Mn (2)

Fig. 6 shows the XPS results of the spinel LiMn2O4 electrode
efore and after storage. The observed binding energies of the Mn
p3/2 are 642 and 642.4 eV, respectively. The results were fitted
y XPS Peaking Fitting 4.1 software. In Fig. 6(a), it is divided into
wo peaks. One peak at binding energy situates at 642.6 eV, which
s same with that observed in MnO2 sample (642.6 eV). The other
eak at binding energy situates at 641.51 eV, which is similar to
he one observed in Mn2O3. From the ratio of the area for the first
eak to that for the second peak, the contents of Mn3+ and Mn4+

re calculated to be 49.6 and 50.4%, respectively.
In Fig. 6(b), it is divided into three peaks. The first peak at binding

nergy situates at 641.4 eV, which is similar to the one observed
n Mn2O3. The second one at binding energy situates at 642.7 eV,
hich is close to the one observed in MnO2 sample (642.6 eV). The
hird one peak at binding energy situates at 644.8 eV, which may
e the shaking up peak of Mn4+. From the ratio of the area for first
eak to that for the second one, the contents of Mn3+ and Mn4+ are
alculated as 32.8 and 61.2%, respectively.
fore storage and (b) after storage.

From the above results, we can conclude that the surface of
iMn2O4 is covered by MnO2, which is from the Mn dissolution
uring storage. This conclusion is good with the Eq. (1). MnO2 cov-
red on the surface of LiMn2O4 can separate the contact of LiMn2O4
lectrode/electrolyte interface and therefore improve the cyclic
erformance of LiMn2O4 battery. But the efficiency of LiMn2O4
lectrode covered by MnO2 is not clear.

Fig. 7 shows the cyclic voltammograms of LiMn2O4 cathode elec-
rode measured with the potential range between 2.5 and 4.5 V
ersus Li/Li+ at a sweep rate of 0.1 mV s−1 at room temperature. The
Fig. 7. Cyclic voltammogram curves of cathode electrode.
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Fig. 8. AC impedance of LiMn2O4 electrode.

Table 1
Impedance parameters of equipment circuit

LiMn2O4 state Rs (�) Rf (�) Rct (�)
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efore storage 5.01 20.28 37.4
fter storage 5.81 53.31 25.52

hat the electrode process around 3 V reflects a cubic-to-tetragonal
hase transition as x in LixMn2O4 increases from 1 to 2 [30]. And
here is another peak at 3.7 V during the oxide process, which is still
nknown at present. The redox current for LiMn2O4 after storage
0.49 mA) is smaller than that for pristine LiMn2O4 (0.55 mA). These
esults indicate that the electrical conductivity of the LiMn2O4 elec-
rode after storage is decreased.

To compare the surface state of LiMn2O4 before and after stor-
ge in more detail, AC impedance measurement was carried out
sing three-electrode configuration. In Fig. 8, the impedance spec-
ra of LiMn2O4 before and after storage are combinations of two
epressed semicircles in high frequency region and a straight line in

ow frequency region. An intercept at the Zreal axis in high frequency
egion corresponds to the ohmic resistance (Rs). The depressed
emicircle in the high frequency range is related to the Li-ion migra-
ion resistance (Rf) through the SEI film formed on the cathode
urface. The second semicircle in the middle frequency range indi-
ates the charge transfer resistance (Rct). The inclined line in the
ower frequency represents the Warburg impedance (W), which is
ssociated with lithium-ion diffusion in the LiMn2O4 particles.

The parameters of impedance spectra in Fig. 8 were simulated by
view 2.0. The parameter results are listed in Table 1. The simulation
esults show that the Li-ion migration resistance is increased from
0.28 to 53.31 � after storage, which may be because of the MnO2
lm. And the total resistance is increased from 62.69 to 84.64 �. It

s obvious that the ohmic and migration resistances produced by
he stored LiMn2O4 electrode exceed the pristine ones.
So we just conclude that the capacity loss is not only because of
he Mn dissolution, but also because of the increased Li-ion migra-
ion resistance and high cell polarization, leading an incomplete
harging. According to Eq. (1), it can be concluded that the increase
f resistance could be attributed to the deposited MnO2.

[
[
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. Conclusions

In this paper, the LiMn2O4/graphite battery was fabricated and
ts storage performance was studied. 96.3% of capacity is recov-
red after storage with half charged state at room temperature for
8 days. Compared with the batteries without storage, those after
torage show better cyclic performance with a capacity retention
atio of 94.2% after 100 cycles. It is found that the lattice parameter
f LiMn2O4 shrinks after storage. Mn is dissolved into the elec-
rolyte and deposited on the anode, and the surface of electrode
s covered by MnO2 after storage. The resistance and polarization
f LiMn2O4/electrolyte are increased because of the covered MnO2.
n dissolution and the increase of Li-ion migration resistance for

iMn2O4/electrolyte surface are mainly responsible for capacity
oss. The deposited MnO2 film increases the Li-ion migration resis-
ance of LiMn2O4/electrolyte from 20.28 to 53.31 � after storage,
ut it also separates the LiMn2O4 from electrolyte, which improves
he cyclic performance.
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