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Abstract Thin ®lms of LiMn2O4 have been prepared by
RF magnetron sputtering on interdigitated microarray
electrodes. In situ conductivity±potential pro®les and
cyclic voltammograms during extraction/insertion pro-
cesses of Li ions were obtained simultaneously in non-
aqueous and aqueous electrolyte solutions (1 M LiClO4/
propylene carbonate and 1 M LiCl/water). The elec-
tronic conductivity of Li1±xMn2O4 was found not to
show metallic transition and maintain its semiconduct-
ing state during the extraction/insertion of Li ion. A
slight decrease in conductivity was observed with in-
creasing the anodic potential, i.e., with increasing x
(lithium extraction) and recovered reversibly when the
potential returned to the cathodic side (re-insertion of Li
ions). Similar results were obtained in both aqueous and
nonaqueous electrolyte solutions.
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Introduction

In recent years, much interest has centered on the search
for lithium insertion electrodes for lithium secondary
batteries, because lithium rechargeable batteries with
high energy density have been recognized as indispens-
able devices in high-performance, portable electronic
equipment. Various kinds of transition metal oxides and
sul®des that accommodate lithium ions by topotactic
reaction have been studied as candidates [1, 2]. Although
LiCoO2 is being used as the cathode of commercial

products [3], spinel manganese oxide is strongly attrac-
tive because of its cost performance. Manganese is more
abundant and much less expensive than cobalt. There
are many studies on Li1±xMn2O4, which has been char-
acterized by electrochemical and X-ray di�raction
methods [4±8].

Thin ®lms of transition metal oxide are also of
interest in the ®elds of all solid-state microbatteries [9,
10] and electrochromic devices [11]. Fabrication of
LiMn2O4 thin ®lm has been reported using various
techniques, for example, spray pyrolysis [12], chemical
vapor deposition [13], electron beam evaporation [14],
RF magnetron sputtering [15], pulsed laser deposition
[16], and thermal decomposition [17].

The conductivity is an important property in the de-
sign of high-performance batteries. LiMn2O4 is catego-
rized as a hopping semiconductor, and its conductivity
has been measured extensively [17±19]. The electronic
conduction of transition metal oxide is related to d
electrons, whose properties vary widely from insulating
to metallic via semiconductivity. The properties of d
electrons in these compounds are in¯uenced by non-
stoichiometry. Indeed, lithium-de®cient Li1)xCoO2

causes metal-insulator transition [20, 21]. Pistoia et al.
investigated the resistance of Li1)xMn2O4 by impedance
measurements [19]. However, the a.c. impedance method
yields the conductivity in the direction from the electrode
toward the solution. In contrast, the in situ method re-
ported here with an interdigitated microarray (IDA)
electrode provides the conductivity in the lateral direc-
tion. We applied this technique to investigate the con-
ductivity of polypyrrole [22, 23], fullerene [24], LixV2O5

[25], and Li1)xCoO2 [21], since this method gives the in-
trinsic conductivities as a function of x in the whole
potential region accessible in a particular electrolytic
solution, simultaneously with a cyclic voltammogram.

In this paper, we report the fabrication and charac-
terization of Li1)xMn2O4 thin ®lms on IDA electrodes
on silicon substrates. The initial ®lm of LiMn2O4 was
prepared by RF magnetron sputtering, and the spinel
structure was obtained by annealing at 700 °C.
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Electrochemical and electric properties of the thin ®lm
were investigated simultaneously by cyclic voltammo-
grams and in situ conductivity measurements.

Experimental

The IDA electrode and the electrochemical apparatus for the in situ
conductivity measurements used in this work were similar to those
described previously [21, 25]. The IDA electrode was fabricated by
photolithography with a sputter-deposited Pt ®lm on a thermally
oxidized silicon wafer substrate. The IDA electrode has two sets of
comb-type Pt arrays; each array has 50 electrode elements, 0.1 lm
thick, 10 lm wide, and 2.4 mm long, separated by 10 lm from its
adjacent elements (Fig. 1). The lead part of the IDA electrode was
insulated with an SiO2 ®lm.

LiMn2O4 was deposited by RF magnetron sputtering of
LiMn2O4 onto the IDA electrode. The target was prepared by
sintering a mixture of LiMn2O4 powder and polyethylene glycol
(1 wt %) as a binder at 880 °C in air for 12 h. The diameter of the
target was 3 in. The LiMn2O4 powder was prepared by the solid-
state reaction of a stoichiometric mixture of LiOHáH2O and MnO2

at 800 °C in air for 24 h. Sputtering was carried out through an
aluminum mask in 0.02 torr of a 10/1 Ar/O2 mixture with 100 W
RF power, and the substrate temperature was kept at 100±120 °C
during deposition. After sputtering for 50 min, 0.2 lm thickness
was obtained (40 AÊ /min), as determined by a surface texture ana-
lyzer (Dektak 3030ST). The as-deposited ®lm shows no crystallin-
ity, but the de®nite crystal structure peculiar to spinel was restored
as shown in Fig. 2, by annealing at 700 °C in O2 for 1 h. The X-ray
di�raction was obtained by a Shimadzu XD-D1 X-ray di�racto-
meter using CuKa radiation.

The electrochemical measurements were carried out on an-
nealed ®lms of LiMn2O4 in 1 M LiClO4/propylene carbonate (PC)
solutions in an Ar-®lled dry box (Miwa MDB-1B + MS-P15 S).
The water content of the PC solution used was <20 ppm. Li foil
was used for the reference and counter electrodes.

The electrical conductivity of the ®lm was determined from the
current which ¯ows between the two sets of working electrodes
(W1, W2). The potentials of W1 and W2 were controlled by means
of a bipotentiostat with a potential di�erence (5 or 10 mV) between
them, and the ®lm conductivity was calculated from the ohmic
current ¯owing through the ®lm via the two working electrodes by
using the following equation [19]

r � IXw=2ld V S=cm �1�
where iW is the ohmic current, w the gap width of arrays, l the total
length of electrode, d the thickness of ®lm, and V the potential
di�erence between arrays. The ionic conductivity of electrolyte
solutions is negligible in this d.c. method.

Steady-state conductivity measurements were also carried out.
After a ®xed amount of Li insertion/extraction was performed
electrochemically at a constant current, the IDA electrode was
disconnected from the current source and left at open circuit for a
while until its potential reached a steady state. Then, a constant
potential di�erence was applied between W1 and W2 and the
current ¯ow was measured using a source measure unit (Keithley
236). All the measurements were carried out at 25 °C.

Results and discussion

Figure 2a shows the X-ray di�raction pattern of
LiMn2O4 ®lm prepared on the oxidized silicon substrate
by sputtering and postannealing at 700 °C compared
with that of LiMn2O4 spinel used as a target material
(Fig. 2b). The peaks marked ``S'' are due to the SiO2

substrate. The other peaks were all attributed to LiM-
n2O4 spinel [26], and the crystallinity of the ®lm was
con®rmed. From SEM observations (not shown), the
annealed ®lm was found to be made up of grains of
ca. 1 lm diameter.

Figure 3 shows a typical cyclic voltammogram (a)
and an in situ potential±conductivity pro®le (b) of
Li1)xMn2O4 ®lm annealed at 700 °C taken simulta-
neously at a scan rate of 0.1 mV/s. No drastic change in
conductivity such as metallic transition was observed,

Fig. 1 A schematic representation of the IDA for in situ conductivity
measurements: electrode width 10 lm, length 2.4 mm, 50 elements

Fig. 2 X-ray di�raction patterns of a LiMn2O4 thin ®lm annealed at
700 °C and b the target material. Di�raction lines of the SiO2

substrate are marked ``S''

212



while the conductivity decreased monotonically during
Li extraction within the order of 10)5 S/cm. There are
two current peaks observed in the cyclic voltammogram
(CV) with anodic potential scanning, but no corre-
sponding±conductivity change was observed in the po-
tential region. The potential-conductivity pro®le showed
good reversibility, and gave reproducible results under
successive scans.

It is not certain that the nonstoichiometry (x in
Li1)xMn2O4) was changed for the whole of the ®lm by
the potentiodynamic method used above. Thus, in order
to con®rm the data obtained under potentiodynamic
conditions, steady-state measurements were also carried
out. A known amount of charge was applied with a
constant current, and the conductivity of the ®lm was
measured after the open circuit potential reached a
steady value. Figure 4 shows a steady-state potential±
conductivity pro®le of an annealed Li1)xMn2O4 ®lm,
being in agreement with the pro®le obtained in the po-
tentiodynamic condition. With increasing x value (ex-
traction of Li+), the electronic conductivity of
Li1)xMn2O4 decreased gradually and recovered revers-
ibly by re-insertion of Li+. We also measured the solid-
state electrical conductivity of a LiMn2O4 pellet made of
the powdered material by a two-probe d.c. method, and

obtained 3.2 ´ 10)5 S cm)1 at 25 °C, which is in the
range of reported values (10)4±10)6 S/cm) in the litera-
ture [17±19]. It can be seen that the values noted at the
most positive potential (�3.5 V vs Li/Li+) in the po-
tential±conductivity pro®les showed almost the same
value as the solid state conductivity value of LiMn2O4

(x � 0 in Li1)xMn2O4).
It is said that Li1)xMn2O4 spinel is a mixed-valence

(Mn3+/Mn4+) compound and its electronic conduction
takes place by electron hopping between high-valence
and low-valence states. However, some lithium spinels,
LiTi2O4 and LiV2O4, are reported to have metallic
conductivity [18]. In the case of Li1)xCoO2 [21], the
conductivity increases rapidly with increasing anodic
potential during the change 0 < x < 0.1 and reaches a
saturated value, indicating an insulator±metal transi-
tion. According to Goodenough [27], a metal±insulator
(semiconductor) transition may occur in the oxides of
transition metals of the octahedral con®guration when
the metal±metal distance becomes less than the critical
distance (RC); RC for LiMn2O4 is 2.743 AÊ [19]. Pistoia
et al. reported that metallic transition does not occur for
LiMn2O4, because the RC value is much lower than the
RMn-Mn for LiMn2O4 (2.913 AÊ ) and for the fully deli-
thiated spinel (2.830 AÊ ) [19]. Our results for Li1)xMn2O4

also do not show transition from the semiconductor to
the metallic state, supporting their observation. Con-
sidering that the conductivity decreases with increasing
anodic potential, we can say that this behavior resembles
the potential dependence of surface conductance in the
electron-depleted space charge region for n-type semi-
conductors [28, 29].

Recently, lithium insertion in LiMn2O4 was demon-
strated from an aqueous electrolyte [30]. It has been
shown that LiMn2O4 placed in aqueous solutions un-
dergoes an electrochemical topotactic reaction,

Li1ÿxMn2O4 � xLi� � xeÿ ! LiMn2O4 �2�

Fig. 3 Cyclic voltammogram (a) and potential±conductivity pro®le (b)
of a 0.2-lm thick LiMn2O4 ®lm annealed at 700 °C, obtained in 1 M
LiClO4/PC by in situ measurement using IDA: scan rate 0.1 mV/s,
potential di�erence between arrays 5 mV

Fig. 4 The rest potential±conductivity pro®le of a 0.2 lm thick
LiMn2O4 ®lm annealed at 700 °C, taken in 1 M LiClO4/PC after Li
extraction/insertion. Applied potential between arrays of IDA 5 mV
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The electrochemical insertion/extraction reaction of
lithium ion with LiMn2O4 in aqueous solutions has been
studied from the standpoint of the development of re-
chargeable lithium-ion cells with aqueous electrolytes
[30], lithium ion-selective electrode [31], and electro-
chromic devices [32].

In situ conductivity measurements in an aqueous
electrolyte were also carried out here. Figure 5 shows a
cyclic voltammogram (a) and an in situ potential±con-
ductivity pro®le (b) of an annealed LiMn2O4 ®lm at the
IDA electrode in a 1 M LiCl aqueous solution, where a
saturated calomel electrode and a Pt wire were used as
reference and counter electrode respectively. The volta-
mmogram shows two peaks for both the forward and
reverse scans, and shows good reversibility. This indi-
cates that electrochemical insertion/extraction of Li with
LiMn2O4 can take place in LiCl solutions. The con-
ductivity decreases with extraction of Li+ and increases
with insertion of Li+, while this change was only
0.1 ´ 10)5 S/cm. There was no irreversible change
observed within 10 cycles.

The conductivity of Li1)xMn2O4 decreased toward
the anodic direction with decreasing lithium content in
the spinel. This apparent behavior of potential depen-
dence is similar to that of the surface conductivity of n-
type semiconductors, which can be explained by the
space charge layer e�ect [28, 29]. However, preliminary

tests for plots of the observed conductivity against E)1/2

(or E)1) did not show signi®cant linear relationships. In
addition, regarding the conductivity pro®le and the de-
gree of conductivity change, an evident di�erence was
recognized when we changed the kinds of electrolyte
solutions (aqueous and non-aqueous). Continuous
change in nonstoichiometry (x in Li1)xMn2O4), anion
adsorption at the surface, and the space charge property
may be correlated to each other. Further studies in-
cluding the photo e�ect are under way in this laboratory
to understand the details.

Conclusions

In situ conductivity±potential pro®les and cyclic volt-
ammograms of LiMn2O4 during Li+ ion insertion/ex-
traction processes were measured simultaneously by
using an IDA electrode technique in nonaqueous and
aqueous electrolytes. Lithium extraction from LiMn2O4

causes no metallic transition and maintains the semi-
conducting state, in contrast to the metallic transition we
reported previously for LiCoO2 [21]. The conductivity of
LiMn2O4 slightly decreases during Li

+ ion extraction in
the anodic scan and returns to its original value during
the re-insertion. In conclusion, the present study has
demonstrated that in situ conductivity measurements
using an IDA electrode technique are useful for char-
acterizing the conductivity change in nonstoichiomety
caused by the lithium ion extraction/insertion process of
the battery active materials.
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