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a b s t r a c t

The electrochemical properties of a single particle of LiCoO2 (8 �m in diameter) in an organic electrolyte
were characterized using a microelectrode technique, and the high rate capability of commercially avail-
able micron-sized LiCoO2 was examined in this study. A Pt microfilament (10 �m in diameter) was attached
to the single LiCoO2 particle in the electrolyte during optical microscope observation, and galvanostatic
eywords:
icroelectrode

ingle particle
iCoO2

echargeable lithium batteries

charge-discharge tests were carried out. The discharge capacity of the single LiCoO2 particle (8 �m diame-
ter) was 0.157 nA h in the potential range of 3.0–4.2 V vs. Li/Li+, which was close to the theoretical capacity.
The discharge rate capability of the single LiCoO2 particle was excellent, and the particle exhibited its full-
discharge capacity up to a high rate of 30 C (5 nA). The discharge reaction of the single particle was not
controlled by the solid-state diffusion of Li+, but by the charge transfer process at a rate lower than 30 C.
The discharge capacity of the particle measured at a high rate of 300 C (50 nA) was 0.12 nA h, which was
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more than 75% of the full

. Introduction

LiCoO2 is the most popular cathode material for lithium ion bat-
eries [1]. Obtaining an insight into the kinetic properties of LiCoO2
or Li+ ion extraction and insertion is important for determining
he power density of lithium batteries. So far, most studies have
sed porous composite electrodes prepared by mixing the battery
ctive material with an organic polymeric binder, and a high surface
rea carbon. However, additives of the porous electrode have been
eported to affect the charge/discharge properties [2,3]. Moreover,
he porous structure of the electrode must be taken into account
n order to analyze its electrochemical response, because there are
istributions of potential, current density, and concentration of the
lectrolyte salt within the porous electrode during charging and
ischarging [4]. These distributions become particularly significant

n the case of high rate charge–discharge, and the electrochemical
eaction does not take place uniformly within the porous electrode.

In this study, the electrochemistry of a single LiCoO2 particle was
nvestigated using a microelectrode technique. Uchida et al. have
eveloped this technique in order to investigate the electrochem-
cal properties of micron-sized single particles of battery active
aterials [5–7]. As shown in Fig. 1, by bringing a metal microfil-

ment in contact with a micron-sized particle in an electrolyte,
e can characterize the electrochemical properties of the parti-

∗ Corresponding author. Tel.: +81 45 3393942; fax: +81 45 3393942.
E-mail address: dokko@ynu.ac.jp (K. Dokko).
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ity of a single particle.
© 2008 Elsevier B.V. All rights reserved.

le. In the case of a single particle electrode, the current is small
nough (nA level), and the iR potential drop can be neglected even
f the material is highly resistive. Then, the distributions of poten-
ial and current density are almost uniform at the particle surface.
herefore, by employing the single particle electrode, we can inves-
igate the electrochemistry of the redox material in detail. In this
tudy, the high rate charge–discharge capability of a single LiCoO2
article was examined. The electrode process including charge
ransfer at the interface and Li+ ion diffusion within the particle are
iscussed.

. Experimental

The experimental setup for electrochemical measurements is
imilar to that reported elsewhere [5,6]. A glass-sealed Pt micro-
lament (10 �m in diameter) was attached to a LiCoO2 particle

n an organic electrolyte using a micromanipulator during opti-
al microscope observation; then, electrochemical measurements
ere performed. The Pt microfilament sealed with glass was uti-

ized to minimize the background current. The detailed procedure
or fabricating the glass-sealed Pt microfilament is reported else-
here [8]. The LiCoO2 particle was supplied by Nippon Chemical

ndustrial Company and used as received. The electrolyte was a

ixed solvent of propylene carbonate and ethylene carbonate (1:1

n volume) containing 1 mol dm−3 LiClO4. The counter electrode
as Li foil with an area of 1 cm2, and electrochemical measure-
ents were performed with the two-electrode system. Charging

nd discharging were carried out using a galvanostat (ALS Model

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:dokko@ynu.ac.jp
dx.doi.org/10.1016/j.jpowsour.2008.07.081
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Fig. 1. Schematic illustration of electrochemical cell for single particle electrode.

60A) in the potential range of 3.0–4.2 V vs. Li/Li+. All electrochem-
cal measurements were carried out at room temperature in a glove
ox filled with dry argon.

. Results and discussion

Fig. 2 shows charging and discharging curves during the ini-
ial three cycles of the single LiCoO2 particle (8 �m in diameter)

easured at 1 nA. The single particle showed a potential plateau
t 3.9 V and two small plateaus around 4.1 V corresponding to the
rder–disorder phase transition [9]. This electrochemical behavior
s characteristic of LiCoO2 and agrees with that in previous studies
1,9]. Although a small irreversible capacity was observed in the
rst cycle, the coulombic efficiency after second cycle was more
han 99%. The single LiCoO2 particle exhibited excellent reversibil-
ty, and the iR potential drop was very small. It was considered
hat the contact resistance between the Pt microfilament and the
iCoO2 particle was negligibly small, because the electrical conduc-
ivity of partially delithiated Li1–ıCoO2 was as high as 10−3 S cm−1

10]. Dokko et al. performed AC impedance measurements of the
ingle LiCoO2 particle and reported that the contact resistance did
ot have any significant effect on the electrochemical behavior

f the particle [7]. The theoretical capacity of LixCoO2 (x = 0.5) is
40 mA h g–1, and the theoretical capacity of a single LiCoO2 parti-
le with a diameter of 8 �m can be calculated as 0.19 nA h under
he assumptions that the particle is spherical and has a theoreti-

ig. 2. Charge and discharge curves of single LiCoO2 particle (8 �m in diameter)
easured at 1 nA.
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ig. 3. Discharge curves of single LiCoO2 particle (8 �m in diameter) measured at
arious currents. Prior to each discharge, the LiCoO2 particle was charged up to 4.2 V
t a low current of 1 nA.

al density of 5.05 g cm−3. The measured discharge capacity of the
iCoO2 particle was 0.157 nA h, which was slightly smaller than the
heoretical capacity. The actual LiCoO2 particle was not perfectly
pherical, and it was considered that the small deviation from the
heoretical capacity was due to the error of particle size estima-
ion. Therefore, it was inferred that the redox reaction of Co3+/4+

ccurred in the entire particle.
In order to evaluate the discharge rate capability of the single

iCoO2 particle, discharge measurements were carried out at var-
ous currents. Fig. 3 shows the rate capability of the single LiCoO2
article. Prior to each discharge measurement, the LiCoO2 particle
as charged galvanostatically to 4.2 V at a constant current of 1 nA.
s shown in Fig. 3, the single particle showed excellent discharge
ate capability. In the case of LiCoO2, a rate of 1 C corresponds to
current density of 140 mA g−1. A current of 1 nA corresponds to
rate of 6.5 C for the single LiCoO2 particle. The discharge capac-

ty measured at 50 nA, which corresponded to a rate of 300 C, was
.12 nA h and was more than 75% of the full capacity of the single
article. The discharge reaction of the LixCoO2 particle consists of
everal processes: (i) the solvated Li+ ion in the electrolyte diffuses
o the surface of the particle, (ii) interfacial charge transfer (Li+ ion
ransfer) takes place at the interface, (iii) the Li+ ion diffuses from
he surface to the center of the particle, and (iv) crystallographic
tructural change occurs as x varies in LixCoO2. In general, the dif-
usion coefficient of Li+ ion in the liquid electrolyte is higher than
hat for solid-state diffusion. Therefore, it seems that the reaction
ate of the LixCoO2 single particle is controlled by the charge trans-
er process, solid-state diffusion, and/or crystallographic structural
hange. The rate-determining step of charge–discharge reaction at
he LiCoO2 particle will be discussed in the following sections.

As shown in Fig. 4, at currents lower than 5 nA, the LiCoO2
article exhibited a constant discharge capacity, although the over-
otential increased with the current. It was considered that the
olid-state diffusion of Li+ ion did not control the reaction rate
t currents lower than 5 nA. If there were a large gradient of the
i+ ion concentration in the particle during the discharge reaction,
he electrode potential would have dropped to the cut-off poten-
ial rapidly when x (x in LixCoO2) reached 1 at the particle surface
11], while x at the center of the particle did not reach 1, and the
ull-discharge capacity would not have been attained. Therefore, it

as inferred that the interfacial charge transfer process controlled

he reaction rate at currents lower than 5 nA, and there was hardly
gradient of the Li+ ion concentration in the particle during the

ischarge. It should be noted that 5 nA corresponds to a rate of
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ig. 4. Dependence of discharge capacity of single LiCoO2 particle (8 �m diameter)
n discharge current.

0 C for the single LiCoO2 particle (8 �m diameter); therefore, the
ischarge reaction of a LiCoO2 particle in a lithium ion battery is
ot controlled by solid state diffusion, but by the charge transfer
rocess under usual operating conditions.

On the other hand, at currents higher than 10 nA, the discharge
apacity of the LiCoO2 particle decreased gradually with increas-
ng discharge current. As mentioned above, the electrode potential
ropped to the cut-off potential, because x reached 1 at the parti-
le surface before the full capacity of the particle was achieved. It
eems that the solid-state diffusion of Li+ ion becomes a significant
actor controlling the reaction rate at currents higher than 10 nA.
he Li+ ion concentration gradient (in solid) at the particle surface
ecomes steeper with increasing current. The solid-state diffusion
robably controls the reaction rate completely at currents higher
han 50 nA, as shown in Fig. 4. In this study, we did not take into
ccount the effect of the crystallographic structural change on the
olid state Li+ ion diffusion. It is difficult to discuss the influence
f the crystallographic change on the reaction rate, on the basis of
nly electrochemical data.

Assuming that the diffusion of Li+ ion in the particle takes place
hree-dimensionally, the apparent diffusion coefficient of Li+ ion
n the particle can be roughly estimated. In the case of three-
imensional diffusion, the diffusion length L can be expressed as
= (6Dt)1/2, where D is the apparent diffusion coefficient and t is the
ime [11]. The diffusion length L of Li+ ion in the solid is equal to the
article radius (4 �m), and the diffusion time is the time required
y the particle to attain full-discharge capacity. When the particle
as discharged at 5 nA, the discharge duration was 110 s. Therefore,

i+ ion can diffuse from the particle surface to the particle center

ithin 110 s. Then, the apparent diffusion coefficient of Li+ ion in

ixCoO2 should be larger than 10−10 cm2 s−1. It should be noted that
he D value estimated in this study is an average value in the entire
ischarge potential range (3.0–4.2 V). Imanishi et al. calculated the
iffusion coefficient (D) of Li+ ion in a LiCoO2 thin film electrode

[
[
[
[

ources 189 (2009) 783–785 785

sing the AC impedance method; they reported that the D value
hanged depending on x (x in LixCoO2) and was on the order of 10−9

o 10−12 cm2 s−1 [12]. Furthermore, the crystallographic structural
hange of LixCoO2 may affect the reaction rate. However, the appar-
nt diffusion coefficient of the practical battery active material may
e useful for the cell design of the lithium battery and simulation
f the charge–discharge behavior [13–16].

. Conclusions

The electrochemical properties of a single particle of LiCoO2
8 �m in diameter) were characterized using a microelectrode
echnique. The charge and discharge measurements revealed good
eversibility of the LiCoO2 cathode. The discharge capacity of the
ingle LiCoO2 particle was 0.157 nA h in the potential range of
.0–4.2 V, which was close to the theoretical capacity. The discharge
eaction of the single LiCoO2 particle was not controlled by the
olid-state diffusion of Li+, but by the charge transfer process at
rate lower than 30 C (5 nA). The discharge capacity measured

t a rate of 300 C (50 nA) was 0.12 nA h, which was more than
5% of the full capacity of the single particle. Therefore, it can
e stated that commercially available micron-sized LiCoO2 has a
igher charge–discharge rate capability than that required for prac-
ical application in batteries for electric vehicles and plug-in hybrid
ehicles.
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