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bstract

The electrochemical properties of the Li-ion battery with a lithium manganese oxide (LiMn2O4) cathode are improved by efficiently reducing
he reaction between LiMn2O4 and hydrofluoric acid (HF) produced in the electrolyte. By introducing fine ZrO2 particles in the slurry during
abrication, Mn dissolution of the cathode during the charge–discharge cycles is minimized by scavenging the HF produced in the cell. Results
rom galvanostatic experiments show that the capacity retention of the LiMn O fabricated with new method is maintained up to 92% after 50
2 4

ycles at room temperature and 76% at high temperature without losing initial capacity. The improvement in the electrochemical properties of
he cathode prepared by this method is superior to other approaches in terms of fabrication process and it sheds light on the possibility of further
mproving the electrochemical properties of LiMn2O4.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Lithium manganese oxide (LiMn2O4) has been considered as
promising positive-electrode (cathode) material for lithium-

on batteries since it is non-toxic and cost-effective. Another
dvantage of using the LiMn2O4 is based on its high cell volt-
ge so that it has been considered as a cathode material for
igh-power battery applications. The material suffers, however,
rom insufficient cycling stability and structural instability for
igh-temperature applications. The instability of LiMn2O4 is
ttributed to Mn dissolution into electrolyte due to hydrofluoric
cid (HF) produced by the reaction of LiPF6 and H2O in the
lectrolyte [1]. The Mn dissolution has been expressed in terms

f Hunter’s reaction [2];

LiMn2O4 → 3�-MnO2 + MnO + Li2O (1)
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nd the dissolution of MnO2 and Li2O into the electrolyte is
nown to give strong adverse effects on the performance of the
iMn2O4 at elevated temperature (40–50 ◦C) [3–6].

To overcome the shortcomings of LiMn2O4, several
pproaches have been carried out [7–10]. One way to solve the
roblem is the substitution of mono-, di-, or trivalent cations
n LiMn2O4 to decrease Mn3+ ions which cause disproportion
eactions. An alternative approach is to coat the LiMn2O4 par-
icles with various protective layers of ZrO2, ZnO, Al2O3, and
iO2 [3,4]. This is because these oxides can suppress Mn dis-
olution by scavenging HF from the electrolyte. Thackeray et
l. [9] introduced colloidal nano-particles of ZrO2 on the sur-
ace of the spinel electrode and reported an improvement in
ycle stability at 50 ◦C. Sun et al. [11] also used ZnO to coat
iNi0.5Mn1.5O4 particles by means of a sol–gel method and
uccessfully scavenged the HF produced in the cell.
Protecting the LiMn2O4 particles from HF in the electrolyte
ppears successful in improving the structural stability of the
athode and maintaining the capacity of Li-ion batteries. The
etailed mechanism of the successful treatments for better

mailto:hojang@korea.ac.kr
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was used for the separator.

The electrochemical properties of LiMn2O4 were examined
using coin cells with a lithium foil as a negative electrode.
Charge–discharge experiments were carried out at room tem-
20 S.B. Park et al. / Journal of P

erformance, however, has not been reported and has yet to be
lucidated. In particular, the effect of the ZrO2 location in the
ell has not been examined systematically despite the fact that it
s crucial to understand the role of the oxides in providing better
lectrochemical performance.

This study focuses on the effectiveness of ZrO2 in protecting
n dissolution by changing the location on the oxide at which

he reaction takes place. In particular, the mechanism account
or the improvement in the electrochemical properties by oxide
ddition is explored by comparing four different cells produced
sing bare LiMn2O4, ZrO2 attached LiMn2O4, a slurry mixed
ith ZrO2, and by directly introducing ZrO2 into the electrolyte.

. Experimental

Bare LiMn2O4 was synthesized by a sol–gel method. The
.1 M (CH3COO)Li·H2O and 0.2 M Mn(CH3COO)2·4H2O
ere dissolved in distilled water and acrylic acid was added

o the solution to control the reaction kinetics. The remaining
ater and acrylic acid were removed in a rotary evaporator at
0 ◦C. After drying, the product was heated for 12 h at 600 ◦C
n air followed by calcination at 800 ◦C for 24 h under an oxy-
en flow. To produce ZrO2 attached LiMn2O4 particles, 2 wt.%
rO2 (zirconium(IV) oxide, nano-powder, Aldrich) was mixed
ith the LiMn2O4 that was calcined for 18 h at 800 ◦C, and the
ixture was calcined for an additional 6 h at 800 ◦C under an

xygen flow. The cathode was also prepared by adding 2 wt.%
f ZrO2 directly into the slurry and by adding 2 wt.% of ZrO2
o the electrolyte.

The positive electrode was prepared by combining LiMn2O4,
olyvinylidene difluoride (PVdF) (5 wt.% in 1-methyl-2-
yrrolinone (NMP)), and carbon. The ratio was 85:5:10 in wt.%

nd acetone was added to lower the viscosity before homogeniz-
ng the mixture at 5000 rpm. The cathode was cast by the doctor
lade method on an Al foil. It was pressed using a rolling press
t 110 ◦C and dried in a vacuum oven for 24 h at 80 ◦C. The

ig. 1. X-Ray diffraction patterns obtained from (a) LiMn2O4 and (b) LiMn2O4

ith 2 wt.% ZrO2. Diffraction angles (2θ) from ZrO2 phases are indicated by
sterisks.

F
2
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lectrolyte was 1 M high purity LiPF6 dissolved in ethylene car-
onate (EC) and dimethyl carbonate (DMC) (1:1 volume ratio).
ells were assembled in a dry room and poly-propylene (PP)
ig. 2. Scanning electron micrographs of: (a) bare LiMn2O4, (b) LiMn2O4 with
wt.% ZrO2, and (c) ZrO2 added slurry.
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erature and 55 ◦C by means of a battery cycling system
Maccor4000, Maccor). The charge–discharge rate was set at
.5 C and tests were conducted for 50 cycles at room tempera-
ure and 30 cycles at 55 ◦C. The crystal structure of the specimen
as examined by X-ray diffraction (XRD; D/MAX-II A) and

he morphology of the powder specimen was investigated with
scanning electron microscope (SEM; Hitachi, S-4300) and a

ransmission electron microscope (TEM; JEOL, JEM4010).

. Results and discussion

.1. Crystal structure and surface morphology

The XRD patterns obtained from bare LiMn2O4 and after
rO2 attachment are given in Fig. 1. These indicate a well-
rystallized spinel structure (space group Fd3m) [12] without
roducing impurity phases since the patterns do not exhibit extra
eaks. The LiMn2O4 attached with ZrO2 particles shows small
eaks in the XRD pattern that correspond to ZrO2. The lattice
arameters of bare and ZrO2-modified material are 8.24 and
.25 Å, respectively.

Scanning electron micrographs of the specimens are pre-
ented in Fig. 2. It is seen that the particle size of bare LiMn2O4
s in the range of 0.1–0.5 �m and that there is no size differ-
nce between the ZrO2-modified LiMn2O4 and the bare particles
fter heat treatment (Fig. 2(a, b)). The ZrO2 particles are slightly
arger than their initial size due to high-temperature heat treat-
ent and are physically in contact with the LiMn2O4 particles.
he micrographs also show that the ZrO2 particles are aggre-
ated on the LiMn2O4 surface, and this reduces the specific

urface-area for chemical reaction. The slurry with ZrO2 parti-
les is shown in Fig. 2(c). All the ingredients used to prepare
lurry are visible and the LiMn2O4 surfaces are clean without
ny adherent ZrO2 particles.

t
s

o

Fig. 3. Transmission electron micrographs of: (a) bare
Sources 166 (2007) 219–225 221

Transmission electron micrographs in Fig. 3 show bare
iMn2O4 particles and ZrO2 particles adhered to LiMn2O4.
his suggests that the effective surface area of ZrO2-attached
iMn2O4 available for intercalation of Li is decreased. The
ttached ZrO2 particles also appear to reduce the effective sur-
ace area that participates in the chemical reaction to scavenge
F in the cell.

.2. Electrochemical properties

The charge–discharge characteristics of the four specimens
nvestigated in this study are presented in Fig. 4. All specimens
how two distinct discharge plateaux. These are attributed to
rderly intercalating lithium ions in the tetrahedral (8a) sites
t 4.1 V and disorderly intercalating lithium ions at 3.9 V [13].
he charge–discharge curve obtained at room temperature from
are LiMn2O4 (Fig. 4(a)) shows a relatively large fading in
apacity after 50 cycles. On the other hand, the capacity fad-
ng is worse in the case of using LiMn2O4 attached with ZrO2
articles (Fig. 4(b)). This suggests that the mixing and subse-
uent heat treatment of fine ZrO2 particles with LiMn2O4 is
ot effective in terms of an improvement in the electrochemical
roperties of LiMn2O4. This apparent harmful effect of ZrO2
ttachment appears to be due to the adherent ZrO2 particles
locking the pathway for Li intercalation on the surface of the
ctive material. The application of the ZrO2 to scavenge HF
lso seems to be inefficient in this case because of the reduced
ffective surface area of the ZrO2 particles for the chemical
eaction with HF. This is contrary to the successful results from
ther workers [9,11,14] and the difference appears to rely on

he resultant morphology of the coating layers on the LiMn2O4
urface.

On the other hand, the charge–discharge curves from the cath-
de made from the slurry mixed with the same ZrO2 particles

LiMn2O4 and (b) LiMn2O4 with 2 wt.% ZrO2.
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ig. 4. Charge–discharge curves from cathodes at room temperature using: (a)
n the electrolyte.

howed the best performance compared with other methods. It
howed 92% capacity retention after 50 cycles (Fig. 4(c)). The
eneficial effect of adding ZrO2 to the slurry appears due to
he greater surface area that takes part in the chemical reac-
ion than when ZrO2 is attached to LiMn2O4. This is a salient
esult and can provide a viable alternative to improve the electro-
hemical performance of the cathode for Li-ion batteries. This
s because the mixing of ZrO2 into the slurry greatly simplifies
he fabrication procedure compared with other coating meth-

ds. An attempt was also made to improve the performance
f the cathode by inserting the same ZrO2 into the electrolyte,
hich is the source of the HF in the cell [1]. The effect of the
rO2 in the electrolyte, however, is inferior to that of ZrO2 in

t
o
Z
I

iMn2O4, (b) LiMn2O4 with 2 wt.% ZrO2, (c) ZrO2 added slurry, and (d) ZrO2

he slurry (Fig. 4(d)) but is similar to that of the cell with bare
iMn2O4.

High-temperature, charge–discharge experiments were per-
ormed because Mn dissolution is severe at high temperatures
15,16]. The test was carried out for up to 30 cycles due to
ast reaction of LiMn2O4 with HF (Fig. 5). The results show
hat the cathode with ZrO2 particles in the slurry protect the
iMn2O4 from HF attack, which suggests that the contact and
ffective surface area of ZrO2 are again crucial factors at high

emperatures. The curves in Fig. 5 indicate that the suppression
f Mn dissolution is more pronounced by using a slurry with
rO2 particles than the three other cases at high temperature.

mprovement of the electrochemical properties of LiMn2O4 at
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ig. 5. Charge–discharge curves from cathodes at 55 ◦C using: (a) bare LiMn2O

levated temperatures has been reported by coating amphoteric
xides such as ZrO2 and ZnO on LiMn2O4 particles [9,14].
hackeray et al. [9] reported that ZrO2 or LiZrO3 coated on the
urface of spinel or layered cathodes enhances the electrochem-
cal performance by minimizing the solubility of LiMn2O4 or
y suppressing the reactivity of the layered electrodes. Sun et
l. [14] also suggested that an amphoteric oxide such as ZnO
cavenges HF in the electrolyte. The enhanced electrochemical
roperties of the LiMn2O4 from these previous studies, how-
ver, were accomplished by coating the LiMn2O4 surface by
mphoteric oxides and protecting the surface from HF. On the

ther hand, the improvement observed in this present investi-
ation is based on the addition of amphoteric powder to the
lurry, which is much simpler from a manufacturer’s point of
iew.

o
I
p
e

LiMn2O4 with 2 wt.% ZrO2, (c) ZrO2 added slurry, and (d) ZrO2 in electrolyte.

The cycling stability of the four different cells was exam-
ned by measuring the cell capacity at the 0.5 C rate. Cycling
urves at room temperature and at high temperature are shown
n Figs. 6 and 7. The bare LiMn2O4 shows 85% capacity reten-
ion while the specimen with ZrO2 in the slurry reports 92%
apacity retention after 50 cycles at room temperature without
osing initial capacity. In general, coated cathodes have shown
ower initial capacities than a bare cathode. Wu and co-workers
17] found that the initial capacity of the electrode containing
are LiMn2O4 was about 125 mA h g−1 while the capacity after
% ZrO2 coating was reduced to 118 mA h g−1. Zheng et al. [18]

btained a similar result from a sol–gel coated cathode material.
n this study, however, the cathode with ZrO2 in the slurry dis-
lays almost the same initial capacity compared with the bare
lectrode.
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ig. 6. Cycling stability curves at room temperature at 0.5 C rate using bare
iMn2O4, LiMn2O4 with 2 wt.% ZrO2, ZrO2 added slurry, and ZrO2 in elec-

rolyte.

The cycling stability at 55 ◦C is presented in Fig. 7. The
ata show that the cathode with ZrO2 in the slurry exhibits
ood capacity retention in comparison with other cases. This
s consistent with the results from Thackeray and co-workers
15]. These authors reported that a specimen with the high
pecific surface area of ZrO2 exhibited better capacity reten-
ion than a specimen coated with larger ZrO2. They also found
hat the initial capacity was decreased while the capacity reten-
ion was improved after ZrO2 coating. On the other hand, the
ycling stability curves in Fig. 7 show 76% capacity reten-

ion without loss in initial capacity when ZrO2 is added to the
lurry.

A quantitative analysis of the role of ZrO2 in the cell is not
rovided in this paper. It appears that the ZrO2 particles evenly

ig. 7. Cycling stability curves at 55 ◦C at 0.5 C rate using bare LiMn2O4,
iMn2O4 with 2 wt.% ZrO2, ZrO2 added slurry, and ZrO2 in electrolyte.
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istributed in the slurry are more effective in scavenging the
F than those in the electrolyte or on the LiMn2O4 surface.
lthough this new method of manufacturing a cathode by mix-

ng ZrO2 into the slurry is slightly inferior to other reported
oating methods in terms of capacity retention during cycling,
he maintenance of the initial capacity and the simple production
oute that sidesteps the elaborate procedure of oxide coating sug-
est that there is scope to improve the electrochemical properties
f LiMn2O4.

. Conclusions

The effects of ZrO2 on the electrochemical properties of
iMn2O4 have been studied using electrochemical tests and
everal analytical methods such as XRD, SEM, and TEM. The
esults can be summarized as follows:

(i) The synthesized LiMn2O4 does not show secondary phases,
which indicates that ZrO2 does not react with LiMn2O4.

(ii) A cathode with ZrO2 in the slurry does not affect the initial
capacity compared with bare LiMn2O4 and maintains a
capacity retention of up to 92% at room temperature and
76% at high temperature.

iii) ZrO2 in the slurry is more effective than ZrO2 in the elec-
trolyte since protection of the cathode from HF is enhanced
by dispersed ZrO2 particles in the vicinity of the cathode
materials but not in contact, with them.

iv) To reduce production time and cost, addition of ZrO2 to
the slurry is recommended to improve the electrochemical
properties of LiMn2O4 cathodes.
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