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Electrical conductivity of LiMn,O,, which is a promising cathode active material for lithium
ion batteries, was monitored in situ during electrochemical lithium extraction and reinsertion
reactions in 1 M LiClO,4 propylene carbonate solution. The in-situ conductivity measurement
was achieved by means of an interdigitated microarray electrode coated with a uniform and
dense film of LiMn,0O,4. The conductivity of Li;—xMn,04 was found to exhibit a peak-shaped
profile as a function of lithium content. The conductivity of Cr3"-doped spinel, LiMn gs-
Cro0504, decreased monotonically with decreasing lithium content. These results are
discussed by considering the effects of phase transformation on the conductivity of these

materials.

Introduction

Lithium ion batteries consisting of lithium insertion
materials, such as spinel LiMn,Og4, are the state-of-the-
art rechargeable power sources for consumer electron-
ics.~° Among the characteristics of insertion materials,
the electrical conductivity of the component materials
is one of the most important issues in connection with
the rate performance of batteries. In addition to such
practical importance, conductivity measurements dur-
ing the lithium insertion (and extraction) reaction would
be an attractive approach to study the variation in the
electronic structure of the materials as a function of
lithium content. Work in our laboratory has shown that
the interdigitated microarray electrode (IDA electrode)
is a powerful tool to study the dynamic changes in dc
conductivity of electroactive materials such as conduct-
ing polymers and fullerenes.'® We have recently applied
this technique to research regarding lithium ion bat-
teries.’® For example, we observed the insulator—metal
transition of Li;—xCoO,, for the first time experimen-
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tally.12 The conductivity of a single particle of mesocar-
bon microbead (MCMB) was also measured and dis-
cussed in connection with the lithium insertion mech-
anism.13

In the present work, we study spinel LiMn,O4 which
is an attractive cathode material for lithium ion bat-
teries owing to its cost and environmental per-
formance.>~® We employed the electrostatic spray depo-
sition (ESD) method to prepare a thin film of spinel
LiMn2O4 on the IDA electrode substrates.1#15> A main
result of this work is an unexpected transient increase
in the conductivity during the course of lithium extrac-
tion (and reinsertion). We will attempt to explain this
behavior by taking account of the two-phase reaction®?
characteristic of Li;—xMn;04. We also studied ESD films
of manganese-substituted spinels, LiMn;-yM,04 (M: Co
or Cr), which have attracted much attention to improve
cycling behavior of manganese oxide spinels.16-18

Experimental Section

The interdigitated array (IDA) electrode was fabricated by
photolithography with a sputter-deposited Pt film on a ther-
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Figure 1. Schematic illustrations of (a) an interdigitated Pt
microarray electrode coated with a ESD film or composite film
of LiMn,O,4 and (b) the principle of the in-situ conductivity
measurement.

mally oxidized silicon wafer, as to have two sets of comb-type
Pt arrays; each array has 50 band-electrode elements of 10
um wide, 2.4 mm long, and 0.1 um thick, separated by 10 um
from adjacent elements.'!

The ESD setup used here and working principles were as
described previously.*® Briefly, 12 kV dc voltage was applied
between an electrically conductive substrate (IDA electrode)
and a stainless steel nozzle (inner diameter, 0.8 mm), which
was placed 2 cm above the substrate. An ethanol precursor
solution of 25 mM LiNO3; + 50 mM Mn(NO3), was pumped at
2 mL h7! to the nozzle, and the generated spray was trans-
ported toward the substrate by electrostatic forces. Since the
temperature of the substrate surface was kept at 400 °C during
the deposition, owing to the pyrolysis of precursors, a thin layer
of LiMn,O,4 was formed as to cover the array electrodes. The
films of LiMn1.9sMo0504 (M: Cr or Co) were prepared by the
same procedure except for the composition of the precursor
solution. The typical deposition time was 20 min, giving a film
thickness of ~0.7 um. The film morphology was studied using
a scanning electron microscope (JSM-5310LV), while the
crystalographic structure was studied by X-ray diffraction
using Cu Ka radiation with an incident angle of 2° (Shimazu
XD-D1).

A commercial LiMn,0, particle (Nikki Chemical Co.) was
also evaluated as a reference material. The LiMn,O, particle
of 0.5 g was mixed with 5.5 wt % PVDF and 1.0 wt % acetylene
black (DENKA Co.) by using 0.3 mL of n-methylpyrolidone
(NMP) as a solvent to form a slurry. The resulting viscous
slurry was spread on the IDA electrode by means of a doctor
blade technique (Yoshimitsu Seiki YBA-1) as to give a film
thickness of ~20 um, followed by drying under vacuum at 130
°C for 12 h. The obtained film is denoted in this paper as a
“composite film”.

The in-situ conductance measurements were carried out for
ESD films and for composite films with a bipotentiostat. As
illustrated in Figure 1, the potential of the couple of array
electrodes was scanned while maintaining a slight potential
bias, AV. The values of ohmic (ig) and faradaic current (ig)
can be extracted from the total currents at each electrodes (i1
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Figure 2. SEM image showing section of LiMn,04 ESD film
prepared on an IDA electrode substrate.

and i) by data treatment as will be explained later. In this
way, we obtain both cyclic voltammograms and conductivity—
potential profiles simultaneously. The ionic conductivity of an
electrolyte solution is negligible in this dc method. Note,
however, that the measurement is a two-point probe method
and that the ESD film is polycrystalline, therefore an absolute
value for the conductivity cannot be given. Rather, this method
is suited to the study of dynamic, relative changes in the
conductivity taking place with redox reactions. All electro-
chemical measurements were conducted by using 1 M LiCIO./
propylene carbonate (PC) solutions in a glovebox (Miwa MDB-
1B + MS-P15S) filled with dried Ar. The water content of the
PC solution (Li ion battery grade, Mitsubishi Kagaku Co.) was
less than 20 ppm. Li foils were used as reference and counter
electrodes. All electrochemical experiments were conducted at
room temperature (~25 °C).

Results and Discussion

Figure 2 depicts a typical cross-sectional SEM image
of a LiMn,O,4 ESD film prepared on an IDA electrode.
The film seems to be dense and uniform, which is
required for quantitative analysis of the in-situ conduc-
tivity. The simultaneous pyrolysis at 400 °C, which is
characteristic of the ESD method, is advantageous to
eliminate the effect of gas evolution during decomposi-
tion on the morphology of resulting films.1®> All the XRD
peaks of the ESD film were assigned to LiMn,Oy,
justifying spinel formation without any other phases.

Figure 3a shows typical current responses obtained
with the IDA electrodes (W1 and W2) coated with a
LiMn,O4 ESD film. These data contain both faradaic
current (ig) due to the lithium insertion/extraction
reaction and ohmic current (ig) flowing between the
array through the film. If we assume that the magni-
tudes of i are equal at both electrodes because of the
small AV (5 mV), the values of ig and ir can be extracted
from the total currents by

i = (i, — iy)/2 (1)
Ie= (i, +i)/2 (2)

and thus the conductivity of the film is calculated as
follows:

o = igw/nldAV(S cm™) (3)

where w is the gap width of arrays (10 um); n (= 50),
the total number of the band electrodes; I, the length of
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Figure 3. (a) Current responses of LiMn,O4 ESD film on IDA
electrode upon a potential cycling at the scan rate of 0.2 mV
s~ with keeping 5 mV potential difference between W1 and
W2. Cyclic voltammogram (b) and potential—conductivity
profile (c) were derived by using egs 2 and 3, respectively.

an electrode element (2.4 mm); and d, the thickness of
the film (0.7 um). Figure 3b shows the cyclic voltam-
mogram (i profile) derived in this way. Two couples of
oxidation and reduction peaks appeared clearly at ~4.0
and 4.15 V vs Li/Li*, being accompanied by extraction/
insertion of lithium ion from/into the manganese spinel
phase.1~? Figure 3c depicts the conductivity—potential
profile obtained by eq 3. The shape of conductivity
profile did not depend on the direction of potential scan.
The measured conductivity was in the range of 1074 S
cm~1, being roughly in agreement with previous re-
ports.81°=21 The conductivity data exhibited a pro-
nounced peak-shape profile having a maximum at
around 4.15 V. Such a transient increase in the con-
ductivity during the course of lithium extraction (and
reinsertion) in Li;—xMn;04 is unexpected and reported
here for the first time. The magnitudes of ir at two
working electrodes are not strictly the same in practice.
Such deviation will be interpreted as a change of
conductivity by our data analysis. For example, a spiky
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Figure 4. The variations of open-circuit voltage (circle) and
conductivity (square) of Li;—xMn2O,4 as a function of x.

and small increase in conductivity at 4.0 V seems to be
caused by the slight difference in magnitudes of i at
two working electrodes. We denote herein this kind of
error in conductivity profile as “faradaic noise”.

To confirm potentiodynamic results in Figure 3, we
also conducted a measurement under open-circuit con-
ditions. A known amount of charge was induced, and
then the open-circuit voltage (OCV) and conductivities
of the Li1—yMn>O4 films were measured after more than
2 h. In this case, we can simply obtain the conductivity
values at each OCV without faradaic noise. The con-
ductivity was calculated from the current at 5 mV dc
bias voltage applied between the array electrodes using
a source measure unit (Keithley 236). The measured
current was roughly proportional to the bias voltage (5—
50 mV), and was stable for at least 30 min. These facts
indicate that the ion transport of Li™ through the
electrolyte solution 22 can be ruled out from conduction
path, at least for our measurement condition. Figure 4
presents the plots of OCV and conductivity as a function
of x. Two potential plateaus were observed around 4.0
and 4.15 V in the OCV curve, corresponding to the CV
peaks. The variation of conductivity against x was
essentially the same as the observation in Figure 3c.
The conductivity of the film tends to increase with
decreasing the lithium content in the spinel, and the
increasing behavior is pronounced for the reaction
taking place at 4.15 V rather than the reaction at 4.0
V. Unfortunately, since the OCV corresponding to x >
0.8 was unstable probably due to self-discharge coupled
with a oxidative decomposition of electrolyte solution,
we cannot represent the conductivity decrease for the
fully delithiated manganese spinel (A-MnOy).

Li;—xMn,O4 spinel is a mixed-valence (Mn3*/Mn*")
compound and its electronic conduction takes place by
electron-hopping between high-valence (Mn**) and low-
valence (Mn?*) cations.® Conductivity of this type would
be governed by (i) the amount of carrier (electron of
Mn3*) and (ii) the hopping length (Mn—Mn interatomic
distance). The amount of electron carrier decreases
proportionally with the degree of delithiation coupled
with oxidation of Mn3* to Mn**. On the other hand, the
Mn—Mn distance in the spinel structure is contracted
by delithiation. The measured conductivity change may
result from the sum of these opposite effects. The
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Figure 5. Cyclic voltammogram (a) and conductance—
potential profile (b) of a composite film of commercialized
LiMn;O4 powder, taken at 0.02 mV s~ with 5 mV potential
bias.

conductivity of Li;—xMn,O4 increases transiently during
the delithiation process, indicating that the effect of
contraction of hopping length was more predominant
than the decrease of the amount of the electron carrier.
Importantly, the conductivity increase was pronounced
especially for the reaction at 4.15 V. The lithium
insertion/extraction reaction of Li;—xMn,O4 in this po-
tential region (average x = 0.5) has been categorized as
a two-phase process, in which two cubic phases (a. =
8.045 A and 8.142 A) coexistent without any intermedi-
ate lattice constant.® Therefore, during the course of
delithiation, LigsMn,0O4 would change partly to A-MnO,
according to the degree of lithium extraction. To explain
the apparent high conductivity observed around 4.15 V,
it may be possible to speculate that the most contracted
A-MnO; phase can act as an effective “conduction path”
for the electron carrier originating in LigsMn;04. As
seen in Figure 3c, the fully delithiated spinel (1-MnO,
as a whole) showed lower conductivity because of
exhaustion of electron carrier.

In additional experiments, we carried out in situ
conductance measurement for a composite film of com-
mercialized LiMn,O4 powder using the IDA system. The
procedure for film preparation was described in the
Experimental Section. Figure 5 shows the resulting
voltammogram and the conductance—potential profile.
The obtained profiles were relatively vague and un-
stable due to complications of interparticle connections
within composites.* Since the transient increase in the
conductance was also observed for the commercialized
LiMn,0O,4 powder, results shown in Figures 3 and 4 are
not specific to the ESD film prepared at low temperature
(400 °C), rather it is general chemistry of Li;—xMn,0,.
It should be mentioned that we reported previously that
the “sputter-deposited” LiMn;O,4 film showed no sig-
nificant conductivity change during its lithium inser-
tion/extraction reaction.?® The composition of the sput-
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Figure 6. Cyclic voltammogram (a) and conductivity—
potential profile (b) of a LiMn;.¢5Crg0s04 ESD film, taken at
0.2 mV s~* with 5 mV potential bias.

tered film may slightly deviate from LiMn,O4 due to
differences in sputtering rates between elements.
Figure 6 shows the voltammogram and the conduc-
tance—potential profile for the LiMn; gsCrg o504 film
prepared by ESD methods. The partial substitution of
manganese with other metal cation such as Cr3* was
reported to improve the stability of spinels against
Jahn—Teller distortions and/or the dissolution of man-
ganese into electrolytes.16-18 While the CV shape broad-
ened to some extent, the essential voltammetric feature
was the same as that of unsubstituted spinel; two
couples of oxidation and reduction peaks appeared
around 4.0 and 4.15 V vs Li/Li*. Initial conductivity at
the composition of LiMnj.95Crg 0504 was found to be 4
times larger than that of LiMn,O4. The cubic lattice
constant is decreased by the manganese substitu-
tion,617 probably being responsible for the observed
higher conductivity with shorter hopping length. During
the delithiation reaction, the conductivity started to
decrease at 3.9 V. Although some faradaic noise is
superposed, the conductivity seems to decrease continu-
ously until the spinel is fully delithiated. We confirmed
this feature by open-circuit conductivity measurements
(not shown). It was reported with XRD analysis'® that
the two-phase region disappeared after Cr3*-doping.
Therefore, the results obtained here for Li;—xMnj gs5-
Cro.0504 may support our speculation that the transient
conductivity increase for Li;—xMn,04 may result from
phase transformation. We also studied the in-situ
conductivity of LiMn;.95C000504 ESD films. The Co3*-
doped spinel showed a monotonic decrease in its con-
ductivity—potential profile, as was observed for Cr3+-
doping. Further work is on going to clarify the effect of
doping content as well as the kind of admetals.
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Conclusion

By means of an IDA electrode with a bipotentiostat,
we evaluated both cyclic voltammograms and potential—
conductivity profiles of Li;—yMn,0O4 thin film, simulta-
neously. A peak-shaped transient conductivity increase
was observed for the first time. Although further work
is needed to clarify details, the two-phase reaction mode
seems to be responsible for the observed conductivity
profile.

We studied mainly the conductivity of active material
itself without any additives such as polymer binders.
From a practical standpoint, however, the total conduc-
tance of composite films may be rather important.
Electrical conductance of the composite films originates
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from electrical interparticle connections within the
composite as well as the conductivity of the active
material itself. Our technique using IDA electrodes is
also a powerful tool to optimize preparation of high
performance composite electrodes with high retention
of conductance during charge/discharge of batteries.13¢
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