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a b s t r a c t

In order to enhance the electrochemical properties, the spinel LiMn2O4 electrode surface was modified
with amorphous Al2O3 nanoparticle as heterogeneous phase. LiMn2O4 was in preparation based on a con-
ventional solid-state reaction. The LiMn2O4 procedure was soaked in aluminum tri 2-propoxide solution.
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The LiMn2O4 whose surface was modified by aluminum oxide was obtained through the heat treatment at
400 ◦C for 4 h. The Al2O3-modified LiMn2O4 electrode exhibits a capacity higher than that of the unmod-
ified LiMn2O4 electrode. On the other hand, no variation was shown with open circuit potential and
apparent chemical diffusion coefficient of Li ion for LiMn2O4 before and after the surface modification.
The charge-transfer resistance of Al2O3-modified LiMn2O4 decreased significantly in comparison with
the unmodified LiMn2O4. The improved charge-transfer kinetics was largely attributed to Al2O3 which

f incr
lectrode/electrolyte interface plays an important role o

. Introduction

Li-ion secondary batteries have widely been utilized as con-
umers’ electronic devices such as cellular phones, personal
omputers, etc. because of their highness in energy density [1]. Con-
ideration is also being taken with the batteries to apply them for
measure for transportation in a style of a hybrid electric vehicle

HEV). Their marketability is enormous enough in comparison with
he other methods for the currently used application. Especially to
e utilized for HEV application, high-rate performance is required
ith the batteries. With conventional Li-ion batteries, cycle life and
erformance are liable to be reduced by high-rate discharging and
harging. Therefore it is required that Li-ion batteries should be
perated without being degraded by high power density.

In electrochemical cathodic reaction in the Li-ion secondary bat-
eries, some reaction steps are included in a style such as of diffusion
r transfer of Li-ion in the electrolyte bulk, adsorption and absorp-
ion of Li-ions on the electrode surface, charge-transfer reaction at

he electrolyte/electrode interface, and diffusion of Li-ions in the
lectrode bulk [2]. The kinetics of the electrochemical reactions
t the electrolyte/electrode interface depends on electrochemical
otential of lithium ions. The promotion of the transfer can be

∗ Corresponding author. Tel.: +81 75 753 2924; fax: +81 75 753 2924.
E-mail address: uchimoto@chem.mbox.media.kyoto-u.ac.jp (Y. Uchimoto).

378-7753/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
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easing the chemical potential at the electrode/electrolyte interface.
© 2008 Elsevier B.V. All rights reserved.

achieved by introducing heterogeneous, second phase interacting
with lithium ions or counter anions of lithium salt in the electrolyte.

Previously some research groups have released their reports
for heterogeneous doping in connection with the second phase
directed towards the solid inorganic and/or polymer electrolyte
[3–7]. Success was gained with the heterogeneous doping in
enhancing the moderate ionic conductivity [3]. The conductivity
enhancement in heterogeneously doped halide can be explained
quantitatively by the ideal space charge effect [4]. Al2O3, SrTiO3,
CeO2, SiO2, and ZrO2, which are prominent oxides as materials,
induce such a space charge layer [5,6]. Liang [7] has reported that
excessively high anomalousness was noticed with the electrical
properties of the two-phase system LiI–Al2O3 in comparison with
those of the pure phases. Such solid electrolyte systems are widely
known as composite electrolytes or heterogeneous electrolytes.
Recently, Scrosati and co-workers [8] have released a report stating
to the effect that addition of nanoparticle fillers, such as Al2O3 or
TiO2, to simple PEO compounds brings about several-times increase
in the conductivity at 60–80 ◦C. Therefore it is expected that it will
be possible for the interaction of the aluminum oxide and lithium
salt at the electrode/electrolyte interface to promote the kinetics.
This paper describes that enhancement can be noticed with the
electrochemical potential of the lithium ion at interface, using sur-
face treatment of LiMn2O4. The said substance having porosity of
aluminum oxide nanoparticle is an alternative material to substi-
tute layered LiCoO2 cathode for 4 V-lithium rechargeable batteries.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:uchimoto@chem.mbox.media.kyoto-u.ac.jp
dx.doi.org/10.1016/j.jpowsour.2008.12.043
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The Al2O3-modified LiMn2O4 electrode exhibits a capacity
higher than that of the unmodified LiMn2O4 electrode (Fig. 4). The
difference in the capacity, which appears more remarkably at a
high rate of 1.0 C rate, the rate capability of the surface-modified
sample was improved rather than in case of the unmodified
72 T. Okumura et al. / Journal of

any research groups have made reports concerning the surface
odification of cathode with a view to multiplying rechargeable

roperties or thermal stability [9]. However to our knowledge, this
aper of ours showed for the first time enhancement of electro-
hemical reaction kinetics by introducing of a heterogeneous phase
o the surface of the cathode.

. Experimental

LiMn2O4 was in preparation based on a conventional solid-state
eaction brought about from a stoichiometric mixture of Li2CO3
99.9% Soekawa chemicals) and Mn2O3 (99.9% Kojundo chemi-
als) (1:1 mol. ratio) at 750 ◦C for 72 h exposed to air. The LiMn2O4
esulted from the above preparation procedure was soaked in
0 mmol dm−3 2-propanol containing aluminum tri 2-propoxide
99% Soekawa chemicals) for 3 h to be finally filtered. The LiMn2O4
hose surface was modified by aluminum oxide was obtained

hrough the heat treatment at 400 ◦C for 4 h.
The phase identification of the prepared samples was performed

y X-ray diffractometry (XRD), using a Rigaku RINT2500 V with
u K� radiation. Al K-edged X-ray absorption near edge structure
XANES) and Mn L-edge XANES were measured at BL-IA and BL-8BI
eamline in UVSOR (Okazaki, Japan) with a ring energy of 750 MeV

n a mode of total electron yield at room temperature. The morphol-
gy was examined and measurement of particle size distribution
as made with the aid of a scanning electron microscope, SEM

JSM-5310LV) and Beckman Coulter LS230.
Samples were examined with their electrochemical character-

stics, using a three-electrode electrochemical cell. The working
lectrodes were taken up for preparation by mixing the specimen
owder (80 wt.%) with carbon black (10 wt.%) and polyvinylidine
uoride (10 wt.%). Lithium foils were employed as counter and ref-
rence electrodes. All of which had constant weight and surface
rea. The electrolyte was 0.1–1 mol dm−3 solution of LiPF6 in 1:1
vol. ratio) EC/DMC. EIS was performed, using a frequency response
nalyzer (Solatron 1255B) and potentio/galvanostat (1287) driven
y the Corrware for Windows software (Scribner Associates) at
even different temperatures in a range of 5–35 ◦C. The frequency
ange from 100 kHz to 5 mHz was covered by the impedance spectra
ith a.c. amplitude 10 mV. Before performing EIS measurements,

he potential was changed to 4.0 V and held at the given poten-
ial. Then, it is thought that the lithium concentration in the
iMn2O4 bulk is in the equilibrium state. Analysis was made with
he measured impedance data, employing a complex non-linear
east squares fitting program (Z-plot for Windows, Scribner Asso-
iates). All the electrochemical experiments were conducted in a
love box filled with a purified argon gas.

. Results and discussion

Fig. 1 shows unmodified and Al2O3-modified LiMn2O4 samples.
RD pattern of LiMn2O4 synthesized by the solid-state reaction was
well-defined spinel single phase belonging to the space group Fd-
m. Spinel structure was continuously maintained despite absence
f an impurity phase after the surface modification. With lattice
arameters of LiMn2O4, no change has been effected upon modifi-
ation by Al2O3. This suggests that no bulk structure was affected by
urface modification. None of XRD patterns showed any peaks cor-
esponding to Al2O3. In order to investigate changes in Mn valence
efore and after the surface modification, Mn L-edge XANES mea-

urement was performed. The Mn L-edge XANES spectra show no
etectable change before and after the surface modification, indi-
ating that the aluminum on the particle surface prevents solid
olution with LiMn2O4 from being formed. No apparent changes
ere noticed in the surface morphology before and after the sur-
Fig. 1. XRD patterns of (a) unmodified and (b) Al2O3-modified LiMn2O4 samples.

face modification from SEM micrograph. From the results of the
particle size distribution measurements, it is explained that there
was no difference in the size distribution between the Al2O3 modi-
fied and the unmodified LiMn2O4 (the average particle diameter is
2 �m). This is because the aluminum oxides attached to the particle
surface are extremely fine (the amount of the modified compound
applied corresponded to approximately 0.3% by weight in unmod-
ified LiMn2O4 (inductivity coupled plasma)).

To obtain the information concerning the component of the
modified compounds on the LiMn2O4 particle surface, Al K-edge
XANES measurements were performed. Fig. 2 shows Al K-edge
XANES spectra of Al2O3-modified LiMn2O4 and amorphous Al2O3.
The shape of Al K-edge XANES spectrum is in coincidence with that
of amorphous Al2O3. Thus Al2O3 existing on the surface of LiMn2O4
particle is found in the amorphous materials [10]. To analyze the
concentration profile drawn into the particle, the depth of Al2O3
modified as LiMn2O4 was obtained by Auger electron spectroscopy.
Aluminum atoms of the modified LiMn2O4 were distributed exclu-
sively at the particle surface in a range within 20 nm. As shown
in Fig. 3, TEM observation reveals very clearly that LiMn2O4 par-
ticles were covered by the amorphous Al2O3 nanoparticles whose
diameter is 10–20 nm.
Fig. 2. Al K-edge XANES spectra of (a) Al2O3-modified LiMn2O4 and (b) amorphous
Al2O3.
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Fig. 3. TEM photograph of Al2O3-modified LiMn2O4 sample.

Fig. 4. Charge and discharge profiles of unmodified (full line) and Al O -modified
L
3
r

o
c
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(

Fig. 5. (a) Open circuit potential for the unmodified LiMn2O4 (open circle) and Al-
modified LiMn2O4 (solid circle) at room temperature, and (b) the apparent chemical
diffusion coefficient of lithium cation insertion calculated from Warburg impedance
for the unmodified (full line) and Al2O3-modified LiMn2O4 bulk (dotted line) at room

−3
2 3

iMn2O4 (dotted line) at (a) 0.1 C and (b) 1.0 C with the cut-off voltages were set at
.3 V and 4.4 V vs. Li/Li+. The electrolyte was 1 mol dm−3 solution of LiPF6 in 1:1 (vol.
atio) ethylene carbonate (EC)/dimethyl carbonate (DMC).
ne. On the other hand, no variation was shown with open
ircuit potential and apparent chemical diffusion coefficient of
i ion for LiMn2O4 before and after the surface modification
Fig. 5). The above results explain that the modification of the
temperature. The electrolyte was 1 mol dm solution of LiPF6 in 1:1 (vol. ratio)
EC/DMC.

surface promotes the electrochemical reaction on the electrode
surface.

To examine the said difference in charge/discharge character-
istics between the unmodified and the Al2O3-modified LiMn2O4,
electrochemical impedance spectroscopic measurements (EIS)
were conducted for both the electrodes at 4.0 V (vs. Li/Li+) at
different temperatures by using various types of lithium salt
concentration in the electrolyte. Typical Nyquist plots obtained
from the impedance measurements of the unmodified and Al2O3-
modified LiMn2O4 consist of two semicircles in the high and
medium frequency ranges, and a thin line at a constant angle is
inclined to the real axis. Inclination of the line is brought about
by the diffusion of the lithium in the LiMn2O4 bulk [11]. Various
types of the models have been proposed with a view to explain-
ing the behavior of the high-frequency semicircles in the Nyquist
plots for the insertion electrode [12]. However none of sufficient
identification concerning the origin of the high-frequency semicir-
cles has been made up until present. It is generally made known
that the medium frequency semicircle is produced by the charge-
transfer on the electrode surface [13]. Analysis was made respect
to with the impedance spectra using a simple equivalent circuit
generally applicable to the lithium transition metal oxide for cath-
ode materials. Fig. 6(a) illustrates the equivalent circuit model used
to analyze the obtained impedance spectra. Rs and R1 represents

the electrolyte resistance and the resistance for high frequency.
To account for the depression of the high frequency semicircle, a
constant phase element (CPE) was introduced in place of capac-
itor into this model. The CPE is commonly used to describe the
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Fig. 6. (a) The equivalent circuit model used to analyze the obtained impedance
s
t
r

d
t
a
k
w
v
a
F
t
T
fi
t
u
R
o
u
a

u
s
d
f
i
m
e
k
c
o
f
i
t
f
a
b
i
c
p

pectra and (b) plots of inverse Rct vs. lithium salt concentrations in electrolyte for
he unmodified LiMn2O4 (open circle) and Al-modified LiMn2O4 (solid circle) at
oom temperature.

epressed semicircle that results from a porous electrode. Rct is
he charge-transfer resistance, Cdl is the double-layer capacitance,
nd ZW is the Warburg impedance. In order to evaluated each
inetics parameters, the non-linear least-squares fitting program
as applied within the measured frequency region. The chi-square

alue of the fit was low, the curve fitting results were good
greement with the actual measurement value. In the meantime,
ig. 6(b) depicts the plots of inverse Rct vs. lithium salt concentra-
ions in electrolyte for the Al-modified and unmodified LiMn2O4.
he result from the above showed the obtained Rct that satis-
ed the Butler–Volmer equation with all lithium concentrations in
he electrode [14]. Between the Al2O3-modified LiMn2O4 and the
nmodified one, there is no significance difference in resistance
1 values for high frequency. However for the medium frequency
f the Al2O3-modified LiMn2O4, Rct was smaller than that of the
nmodified LiMn2O4 at all lithium concentration in the electrolyte
s shown in Fig. 6(b).

Fig. 7 shows plots of Rct at 4.0 V (vs. Li/Li+) against 103 T−1 for the
nmodified LiMn2O4 and Al2O3-modified LiMn2O4. From EIS mea-
urements at lower electrolyte concentration, it is explained that
ifference in Rct is much more in existence before and after the sur-

ace modification. From the results of EIS shown in Figs. 6(b) and 7,
t is explained that owing to a significant amount of the surface

odification, decrease in the charge-transfer resistance on the
lectrode/electrolyte interface was noted. With the charge-transfer
inetics, improvement was continuously made by surface modifi-
ation. Therefore it may suggest that the electrochemical potential
f lithium cation was increasing on the electrode/electrolyte inter-
ace when Al2O3 is in existence on the electrode surface. Taking
nto account Scrosati and co-workers’s [8] view, it is imagined
hat dissociation of lithium cation at electrode/electrolyte inter-
ace is facilitated by interaction of counter anions in the electrolyte

nd aluminum oxide on the electrode surface. Additional work
ased on EIS, theoretical calculation, and Raman spectroscopy

s in progress with a view to providing further support to the
ounter anions and aluminum oxide interaction model hereby pro-
osed.
Fig. 7. Plots of Rct at 4.0 V (vs. Li/Li+) against 103 T−1 for the unmodified LiMn2O4

(open points) and Al-modified LiMn2O4 (filled points) in (a) 1 mol dm−3 and (b)
0.1 mol dm−3 solution of LiPF6 in 1:1 (vol. ratio) EC/DMC.

4. Conclusion

In conclusion, description is herewith made. Modification is
made with the spinel LiMn2O4 electrode surface using Al2O3
that plays an important role in increasing the electrochemical
potential on the electrode/electrolyte interface. Thus consider-
able improvement was noticed with the charge-transfer kinetics,
electrochemical performance, and importance of interfacial reac-
tion. The results that have obtained to now are quite helpful to
the battery industry for affording better understanding of the
Li-ion transfer reaction mechanism on the interface than now.
Therefore it is desirous to find a solution to this long-pending prob-
lem.
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