Available online at www.sciencedirect.com
JOURNAL OF

www.elsevier.com /locate /jpowsour

ScienceDirect

Journal of Power Sources 174 (2007) 751-755

Short communication
Impedance analysis of PLD LiNiygCo,0, film electrode

N. Imanishi®*, K. Shizuka?, T. Matsumura?, A. Hirano?, Y. Takeda?, R. Kanno?

4 Department of Chemistry, Mie University, 1577 Kurimamachiyacho, Tsu, Mie 514-8507, Japan
b Tokyo Institute of Technology, 4259 Nagatsutacho, Midoriku, Yokohama 226-8503, Japan

Available online 3 July 2007

Abstract

The kinetics of intercalation are discussed using a pulsed laser deposition (PLD) film electrode and electrochemical impedance analysis. Films
of LiNiygCo¢,0,, deposited on single crystal substrates, were used for the study. The films have intercalative or blocking orientations on different
crystal surfaces of the substrates. Impedance spectra show that there are at least three elemental processes in intercalation. Two processes at higher
frequencies suggest that they occur at the electrode surface and are influenced by the orientation of the film. The third process appearing at low
frequencies below 1 Hz indicates lithium motion in the bulk structure and shows the largest resistance among the three processes. This lithium
conduction in a thin PLD film shows a semicircular response and is considered to be influenced more by the structure due to the nanometer-scale

thickness.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Enhancement of electrode reaction speed is important in
lithium ion batteries in order to develop novel high-power
devices and to achieve high energy conversion efficiencies.
Growing consciousness of safety concerns is also promoting
research and development of all solid-state batteries. Since the
reaction speed at the solid—solid interface is significantly slow,
kinetic studies of the electrode reaction are gaining in impor-
tance.

The problem in kinetic studies using ceramic electrodes lies
in the complexity of precisely describing structures of the elec-
trode and the interface with the electrolyte. Structural parameters
include the crystal structure of the material, the size of the
primary particles, agglomeration of particles, distribution of
electrode components, conduction paths of electrons and ions,
and morphology of the interface. These parameters have an
effect on each other and the reaction speed is determined as
a total response including all of these parameters. The analysis
of individual parameters is practically impossible and kinetic
studies in many cases become empirical.

As one approach towards solving this problem, preparation of
a pulsed laser deposition (PLD) film is beneficial under the con-
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cept of simplification or idealization of the electrode system.
It is possible to prepare oxides epitaxially on a single crystal
substrate by laser ablation deposition [1-4]. The film forms as a
single crystal or an oriented polycrystal, depending on the mis-
match between the film and substrate. In both cases, however, the
structure is much simpler and more appropriate for kinetic study
than a conventional electrode system. The crystal orientation of
the film can be controlled by the surface atomic structure of the
substrate [1,4—6]. In this article, kinetic parameters of interca-
lation for a LiNiggCop20, PLD electrode were measured by
the electrochemical impedance method [7-11], and the effects
of crystal orientation on these parameters are discussed.

2. Experimental

Atomic proportions of Li;CO3, Ni(OH); and Co304 in
15:24:2, were weighed for the preparation of LiNiggCog205.
This mixture was calcined at 600 °C for 6 h. After milling the
resultant material, it was fired again at a temperature of 725 °C
for 24 h to complete the reaction. The structure was confirmed
by XRD, and a sintered pellet of the material was used as a target
for laser ablation deposition.

A single-crystal of Nb-doped SrTiO3 (STO) was used as the
substrate. The substrate also functions as a current collector for
the working electrode. Flat square plates with dimensions of
10mm x 10 mm x 0.5 mm were sliced from the ingot for (1 10)
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or (111) crystal planes of STO to appear. The flatness of the
surface was less than 15 angstroms.

The ablation of LiNiggCog 20, was performed using a KrF
excimer laser (248 nm). The laser power was adjusted to 250 mJ
and the pulse irradiation frequency was 10 Hz. The substrate
temperature was held at 600 °C during deposition. The oxygen
pressure in the ablation chamber was maintained at 3.3 Pa. The
distance between the substrate and the target was 7.5 cm. The
deposition was carried out for 60 min.

The preparation and structural characterization of the epi-
taxial PLD films were carried out by Kanno and co-workers of
Tokyo Institute of Technology. A paper giving details on the
preparation and structural characterization is in preparation and
will be published in the near future.

Impedance spectra were measured, in order to obtain kinetic
information, using a Solartron 1260 Frequency Response Ana-
lyzer with a 1287 Electrochemical Interface. Three electrode test
cells with lithium reference and counter electrodes were used for
the measurements. The impedance measurements were carried
out by applying 10 mV of ac current in the range of 10°~10~3 Hz.

3. Results and discussion

Thin-film X-ray diffraction patterns were measured, as shown
in Fig. 1, to discuss the crystal structure of the ablated films. The
LiNig §Cog20; electrode on STO(1 1 0) shows a 110 diffraction
peak near 60° in 26. The active material in this case has inter-
calative orientation for lithium ions in the electrolyte. Another
LiNig §Cog20; electrode on STO(1 1 1) shows a series of 00
diffractions. Thus, the active material orders the basal planes
parallel to the surface of the substrate. The film in this case
shows a blocking effect against lithium intercalation. It was con-
firmed that these films are epitaxially grown on a single crystal
substrate.
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Fig. 1. XRD patterns of ablation films deposited on Nb-doped SrTiO3 substrate.
(a) LiNip8Cop20; film on (1 10) crystal plane of STO and denoted as an inter-
calative film. (b) LiNig §Cop 205 filmon (1 1 1) crystal plane of STO and denoted
as a blocking film.
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Fig. 2. Constant current charge curves of LiNipgCog 20, films on STO(1 10)
and (11 1) substrates. The former is indicated as intercalative and the latter is
indicated as blocking.

The charge profiles at a constant current density are shown
in Fig. 2. The shapes and potentials of these curves are similar
to those of the powder LiNig §Cog >0 electrode. The difference
in coulombic capacities is considered to occur by the different
crystal orientations of the LiNip gCog 20> films.

Impedance spectra of LiNiggCop20> electrodes on
STO(110) and STO(111) in Fig. 3 shows similar profiles,
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Fig. 3. Complex plane impedance plots for (a) LiNipgCop20, films on
STO(110) and (b) (11 1) substrates. The whole spectra show frequencies rang-
ing from 10° to 103 Hz. The insets show the enlarged high frequency region.
The numbers beside the curves show the potentiostatic equilibrated cell voltage.
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wherein only less than half of a large semicircle appears in the
frequency range from 1 MHz to 1 mHz. The insets in the figure
show an enlarged high frequency region, and indicate another
small semicircle for both samples. The total resistances roughly
estimated from the spectra are on the order of 10° 2. These
unusually large values are partly attributed to small surface
area of the electrodes. The electrode prepared by laser abla-
tion has an extremely flat surface compared to a normal “mixed
and pressed” electrode which is comprised of active material
particles and other components such as acetylene black and so
on.

Both electrodes show reversible size change of the spectra
on the application of a potentiostatic charge and discharge. In
the case of intercalative LiNiggCop20, on STO(1 10), it was
initially equilibrated at 3.0 V versus lithium. Next, at 4.2V, the
semicircle became larger, and decreased alternatively when dis-
charging to the initial potential of 3.0 V. It shows further small
resistance by discharging to 2.0 V. The same pattern of spectral
change was observed for the LiNip g Cop 202 on STO(1 1 1). This
reversible change confirms a Faradaic reaction, that is, lithium
intercalation mainly occurs in these ablation electrodes.

Comparison between spectra of intercalative and blocking
LiNig gCog20> electrodes shows a noticeable difference in their
resistances. It is naturally expected that the blocking electrode
will show much higher resistance due to the morphology pre-
venting lithium ions from intercalation. The ideal blocking
electrode indicates capacitive response which shows a straight
upright line in the complex plane. However, the experimental
data show a semicircle, and the size is smaller than that of the
intercalative LiNiggCog O electrode. This is considered nei-
ther a special example nor an experimental error, since the same
tendency was obtained for the LiCoO; ablation electrode, as
shown in Fig. 4.

The reason for not showing capacitive response is that the
impedance measurement detects the motion of lithium atoms
inside the film. A similar semicircular response in the low
frequency region indicates that the intercalative and blocking
electrodes are both related to lithium diffusion. When diffusion
occurs, a straight line with a slope of 45° appears in the com-
plex plane plot. However, no straight lines were observed for
both electrodes. This observation suggests that the ideal lithium
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diffusion or the chemical potential profile following Fick’s law
does not occur inside these films. As one likely explanation,
deviation from theoretical behavior is considered to stem from
the thickness of the film. Since the thickness of the PLD films is
in the order of several tens of nanometers, as identified by surface
roughness measurements and X-ray reflectometry, the produc-
tion of solid electrolyte interface (SEI) at the electrode surface
must strongly influence the bulk process. It is, therefore, impor-
tant to elucidate the real surface structure during intercalation
and such research is now under way by Kanno and co-workers.

As a second explanation for not yielding a straight line, the
mechanism of the diffusion should be considered. Lithium ions
diffuse accompanied by electrons in the host matrix to main-
tain electrical neutrality. This paired motion of ion and electron
should be taken into consideration. In addition, the speed of vol-
umetric change or phase change in the host caused by lithium
intercalation is also considered to influence the diffusion mech-
anism. Since the ablation film was quite thin and deposited on a
substrate, the sliding or shifting of each layer may be anchored
by the substrate surface and different from normal isolated elec-
trode particles. In conclusion, the ablation film, in the absence
of sufficient thickness, has the possibility to show different bulk
properties compared to wm-order particles.

Fig. 5 shows the phase angle distribution as a function of
the applied ac frequency. Each elemental process of intercala-
tion can be clearly distinguished as an individual peak in this
plot. Reactions occurring at the interface between the electrode
and electrolyte appear in the frequency region above 1 Hz. They
depend on the electrode-surface properties and do not depend
on whether continuous current flows or not. In the case of inter-
calative orientation, there are two peaks located around 103 and
102 Hz, respectively.

On the other hand, the blocking electrode shows one peak
around 103 Hz. This difference in the number of peaks is due
to the different crystal orientation of the electrodes. The inter-
calative orientation of LiNiggCop202 on STO(1 10) has edge
planes that are directed towards the electrolyte, while the block-
ing orientation presents basal planes. The peak around 103 Hz is
common to both electrodes, and thus suggests a weak interaction
between the electrode and ions in the electrolyte regardless of
the crystal orientation. Another peak around 102 Hz appearing
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Fig. 4. Cole—Cole plots of LiCoO; ablation films on an STO substrate. (a) Intercalative film on STO(1 1 0), and (b) blocking film on STO(1 1 1).
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Fig. 5. Bode plots for LiNip gCop 20> films on STO(1 10) and (1 1 1) substrates
at different stages of intercalation. Open circles indicate the blocking film on
STO(1 1 1) and closed circles indicate the intercalative film on STO(1 10).

only in the intercalative electrode shows a stronger relation to
the edge surface, which may belong to ionic movement crossing
the interface.

The temperature influence on these surface-reactions was
also examined, and the temperature was varied from 20 to
—20°C. The Bode plots obtained are shown in Fig. 6. The two
peaks discussed in the previous paragraph show different degrees
of dependence on the temperature. The peak at the lower fre-
quency does not show much change, while that at the higher
frequency shows a significant change due to the temperature
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Fig. 6. Phase angle dependence on frequency at various temperatures for

LiNip §Cop 20> films on an STO(1 10) substrate. The spectrum at 20 °C is the
same as the data at equilibrated at 3.0 V in Fig. 5.

variance. The elemental process at 10° Hz belongs to the reac-
tion which directly reflects the nature of the electrolyte, since the
electrolyte shows a rapid increase in viscosity near the freezing
point. The peak at the lower frequency, which is less sensitive
to the temperature, is considered to have the characteristics of a
solid phase reaction. This is consistent with the consideration in
the preceding paragraph that the peak at 10?> Hz corresponds to
ionic motion at the electrode interface.

Since STO is not a good electronic conductor, a gold substrate
was used for comparison study. Laser ablation onto a polycrys-
talline gold sheet resulted in a dense blocking and polycrystalline
LiNig gCog 20> film electrode. The charge-discharge test shows
a similar profile as the powder electrode. A Cole—Cole plot and
a Bode plot are shown in Fig. 7. The impedance plot shows the
same response of a large semicircle as in the case of STO sub-
strate. However, the size of the circle, that is, the entire resistance
is reduced by about one order. On the other hand, the Bode plot
shows two peaks around 103 and 10" Hz. These peaks are also
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Fig. 7. Cole—Cole plots (upper figure) and Bode plots (lower figure) of the
LiNip gCop 20, ablation film on the gold substrate. The spectra were obtained
before charging, after full charging, and after full discharging. The film structure
is characterized to be a blocking structure and polycrystalline. |Z| indicates the
absolute resistance values of the impedance.
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observed in the same regions when STO is used as a substrate in
Fig. 5. Since the cell dimensions are almost similar, the reactions
with the same time constant appear in the same frequencies. This
result shows that the reaction mechanism of the LiNig gCop 207
ablation electrode is not changed by changing the substrate.
The electronic conductivity of the gold substrate increases
the number of active sites on the electrode surface, however, the
reaction itself on each site is not affected. It is concluded that
the two surface reactions are intrinsic for the film and can be
discussed as a characteristic feature of LiNiggCop20>.

4. Conclusions

Epitaxial polycrystalline films having different crystal orien-
tations can provide information regarding the electrochemical
response on specific crystal planes. Three elemental processes
promoted by the presence of an electrical field were observed
using a Cole—Cole plot and a Bode plot. The influence of the
crystal orientation on electrochemical performance can be dis-
cussed with respect to these three processes. Among them, the
bulk process appearing in the lowest frequencies needs further
investigation for its deviation from the theoretical response. One
of the other two processes is ionic transfer that occurs at the sur-
face of the electrode. The other is considered to be the leakage
current of the electric double layer. Wider application of ablation
films in combination with impedance analysis will lead to quan-
titative discussion and elucidation of a more detailed mechanism
of lithium intercalation.
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