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a b s t r a c t

Metal oxide (Co3O4) was coated on spinel Li1.1Mn1.9O4 using glutamic acid. Powder X-ray diffraction
pattern of Co3O4-coated spinel Li1.1Mn1.9O4 showed that the Co3O4 coating medium was not incorporated
in the spinel bulk structure. Morphology of the Co3O4-coated spinel Li1.1Mn1.9O4 was observed by scanning
electron microscopy and transmission electron microscopy. The cycling performance of the Co3O4-coated
spinel Li1.1Mn1.9O4 was obviously improved, compared to the pristine Li1.1Mn1.9O4 at elevated temperature
(55 ◦C). Improvement of rate capability was also achieved at high C-rates.

© 2008 Published by Elsevier B.V.

1. Introduction

Due to great increase in fossil fuel price a great deal of attention,
recently, has been paid to Li-ion batteries as assistant or power
sources for vehicles. To meet the requirements for hybrid elec-
tric vehicles (HEVs) such as reliable power, capacity, safety, and so
on, manganese-based spinel Li1+xMn2−xO4 and its derivatives have
been received extensive attentions due to economical advantage
and excellent power performance [1]. However, manganese spinel
materials have an inherent drawback: the disproportionated Mn
dissolution (2Mn3+ → Mn2+ + Mn4+) [2].

To overcome capacity fading upon cycling, a lot of trials
were made; the manganese site replacement by other elements,
LiMMn2−xO4 (M = Li, Al, Co, Ni, Fe, Cr, Zn, etc.) to enhance struc-
tural stability [3–10]. The capacity fading was obviously suppressed
as the amount of dopant increased causing decrease of deliv-
ered capacity comparing to undoped LiMn2O4. Komaba et al. [9]
suggested that Li1.1Mn1.9O4 significantly suppressed the Mn disso-
lution due to stabilizing of the host structure by substituting Li for
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Mn in LiMn2O4. Many research groups have also studied to improve
the poor capacity retention of the spinel material with anion sub-
stitution into spinel structure [11,12].

Recently, surface modifications with various metal oxides and
metal fluorides on cathode materials have been reported [13–24].
Those treatments presented significantly improved results such as
rate capabilities, cyclability, etc. in spinel and several compound.
Myung et al. [15,16] suggested that an Al2O3 coating layer on
Li[Li0.05Ni0.4Co0.15Mn0.4]O2 particles gradually transformed to AlF3
through an intermediate complex of an Al–O–F compound, as con-
firmed by time of flight-secondary ion mass spectroscopy. Sun et al.
[17,18] reported that an AlF3 coating layer would act as an interfacial
stabilizer, as found by an electrochemical impedance spectroscopy.
In this study, we prepared surface-modified spinel Li1+xMn2−xO4
followed by Co3O4 coating. Electrochemical performance of the
as-prepared and the metal oxide-coated spinel materials were eval-
uated.

2. Experimental

Mn3O4 powder was synthesized by co-precipitation method
[25]. The prepared precursor Mn3O4 containing an excess amount
of LiOH·H2O (molar ratio of Li:Mn = 0.55), were preheated to 500 ◦C
for 5 h in oxygen, and subsequently heat treated for 15 h at 850 ◦C
in a furnace under oxygen purging. Co-oxide coating (0.3 wt%) on
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Li1.1Mn1.9O4 material was carried out in cobalt hydroxide contain-
ing solution in the presence of glutamic acid. To maintain proper
pH during the coating process, ammonia solution was fed into
the solution until pH 7. After continuous mixing for 2 h, the metal
oxide-coated Li1.1Mn1.9O4 powders were filtered and washed with
distilled water several times. The obtained powders, thus, were
heated at 500 ◦C for 5 h in an air.

Powder X-ray diffraction (Rigaku, Rint-2000) using Cu K� radia-
tion was used to identify crystalline phase of the prepared powders
at each stage. The collected intensity data of XRD were analyzed by
the Rietveld refinement program Fullprof 2002 [26]. Co(OH)2 as the
starting coating material was examined by a thermal gravimetric
analysis (TG, DTG-60, SHIMADZU, Japan) with 1 ◦C min−1 of heat-
ing. The morphology of prepared powders was also observed using
scanning electron microscopy (SEM, JSM-6340F, JEOL). A trans-
mission electron microscopy (TEM, JEM2010, JEOL) was employed
to characterize the prepared powders. Chemical compositions of
the final products were analyzed with an atomic absorption spec-
troscopy (AAS, Vario 6, Analyticjena).

The coin cells comprised of the prepared powder as a cath-
ode, lithium foil as an anode, and an electrolyte having 1 M LiPF6
in ethylene carbonate and diethyl carbonate (1:1 in volume, Cheil
Industries Inc. Korea). Micro-porous polypropylene separator was
used in those cells. The cell preparation was carried out in an Ar-
filled dry box. Charge–discharge tests were performed with 2032
coin type cell by applying a constant current density of 100 mA g−1

(1 C-rate) in voltage range of 3.0–4.3 V at 55 ◦C.

3. Results and discussion

To determine the Co-oxide coating on the crystal structure of
the spinel materials, the X-ray powder diffraction were carried out
for uncoated spinel (pristine) and the coated spinel materials. Fig. 1
shows the XRD patterns of the pristine and Co-oxide-coated spinel
materials. The prisine spinel material has a typical spinel phase
with Fd3m space group in Fig. 1a. There is no significant change
in the XRD pattern for the coated spinel material in Fig. 1b, com-
pared with the pristine. Calculated lattice parameter by Rietveld
refinement was a = 8.215(5) Å for both materials, of which the value
is close to that of reported [9]. No change in the lattice parame-
ter for both samples suggested that Co was not incorporated into
the bulk structure of the coated spinel. To figure out the possi-
ble chemical composition of the coating layer, thermal gravimetric
examination for the starting Co(OH)2 was carried out in Fig. 1d. A
drastic weight loss is seen from 200 ◦C due to evaporation of water
molecules from the Co(OH)2. Then, a steady decrease in the weight
is seen to 500 ◦C, which is attributed to a gradual phase transforma-
tion. Hence, we decided that the temperature is the best point for
the heat-treatment temperature after coating procedure. As con-
firmed by XRD in Fig. 1c, one can clearly observe that calcination
of the Co(OH)2 at 500 ◦C for 5 h exhibited a well-crystallized cubic
spinel Co3O4. Therefore, it is believed that the spinel Li1.1Mn1.9O4
shown in Fig. 1b is coated by Co3O4. Absent of Co3O4-related peak in
Fig. 1b is due to the little amount of Co3O4 (∼0.3 wt%) in the Co3O4-
coated final product. Again, no change in the lattice parameter was
observed, implying the Co3O4 coating medium was not incorpo-
rated into the spinel structure but is just presented on the surface
of Li1.1Mn1.9O4, since Co3+ introduction into the spinel structure
leads to change of the lattice parameter. Furthermore, calcination
temperature, 500 ◦C, to get the crystalline Co3O4 is too low temper-
ature for Co to be diffused into the spinel lattice, forming Co-doped
Li1.1Mn1.9O4.

Morphologies of the pristine and Co3O4-coated spinel mate-
rial observed by SEM are shown in Fig. 2. A very small amount of
Co3O4 would be hard to be detected by XRD in Fig. 1b. Existence

Fig. 1. XRD patterns of as-prepared (a) Li1.1Mn1.9O4, (b) Co3O4-coated Li1.1Mn1.9O4,
(c) Co3O4 produced from calcination of Co(OH)2, and (d) thermalgravimetric curve
of Co(OH)2 as the coating medium.

of the Co3O4 particles on the spinel particle was clearly visible and
they are well dispersed on the surface of spinel particles (Fig. 2b),
compared to the pristine spinel particles (Fig. 2a). At lower magnifi-
cation in Fig. 2c, one can observe that the as-prepared Li1.1Mn1.9O4
has a spherical morphology and the particle is approximated to
10 �m in the secondary morphology. As observed in Fig. 2d and
e, the material contains Mn element and Co ingredient are also
uniformly dispersed on the surfaces of particles.

Fig. 3 illustrates TEM bright-field images of the pristine and
Co3O4-coated Li1.1Mn1.9O4. The pristine material shows a very
smooth edge line, and there is no other layer on the surface in Fig. 3a.
As expected, it is clearly observed that Co3O4 layer having its thick-
ness of 20 nm was coated on the surface of Li1.1Mn1.9O4. The uniform
contrast of the Co3O4 layer implies that the Co3O4 coating layer is
thin and uniform.

Provided that the coating medium is incorporated into the spinel
Li1.1Mn1.9O4 structure, the Co element as a trivalent would occupy
16d Mn sites to replace Mn3+ (0.65 Å [27], high spin) and/or Mn4+

(0.54 Å [27]). However, it usually happens during high tempera-
ture calcinations (700–900 ◦C) for a long time. If the Co element
was substituted for Mn, it is natural to change the lattice param-
eter due to the difference in the ionic radii of Co3+ (0.535 Å [27],
low spin) relative to Mn3+ (0.65 Å [27], low spin). Furthermore, the
main driving force, heating temperature, was only 500 ◦C which is
too low to incorporate Co3+ element into the spinel structure and
the dwelling time as well (5 h). Again, the lattice parameter was
not changed, compared with pristine Li1.1Mn1.9O4. Those things are
very strong clues that the formed Co3O4 coating medium was not
introduced into the structure, but is just remained on the surface
of spinel Li1.1Mn1.9O4.
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