
Journal of Power Sources 146 (2005) 195–198

Design of polyacene-based negative electrode
for polymeric gel electrolytes

Nobuko Yoshimotoa, Atsushi Okamotoa, Masayuki Moritaa,∗,
Nobuo Andob, Yukinori Hatob

a Department of Applied Chemistry& Chemical Engineering, Faculty of Engineering, Yamaguchi University,
2-16-1 Tokiwadai, Ube 755-8611, Japan

b Material Development, Kanebo Ltd., 4-1 Kanebo-cho, Hofu 747-0823, Japan

Available online 29 April 2005

Abstract

Composition of polyacene (PAS)-based negative electrode has been optimized to be suitable for rechargeable battery systems with polymeric
gel electrolytes. The gel electrolytes consisted of poly(vinylidenefluoride-co-hexafluoropropylrne) (PVdF-HFP) as a host polymer, a mixture
of ethylene carbonate (EC) and diethyl carbonate (DEC) as a plasticizer, and LiX (X = ClO4 or (C2F5SO2)2N) as a carrier salt. Three types
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f composite PAS electrodes were prepared and their compatibility with the polymeric gel electrolytes was examined. A half cell a
ith the composite PAS electrode containing proper amounts of polymeric gel and the electrolyte film with the same gel compositio
ood cycling characteristics. The gel composition containing 1.0 mol dm−3 (M) Li(C2F5SO2)2N/(EC + DEC) gave discharge capacity of ab
00 Ah kg−1 (with respect to the mass of PAS) with high rechargeability.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Since a lithium (Li)-ion battery was first introduced into
ortable electronic devices in the early 1990s, a number
f carbon materials have been proposed as the negative
lectrodes of the batteries with high energy density[1,2].
he present Li-ion batteries mainly use artificial or natural
raphite whose theoretical capacity is 372 Ah kg−1 (C6Li).
ome systems have employed so-called hard carbon with
ery low atomic ratio of H/C, which can store more lithium
han graphite. Polyacene (PAS), a peculiar form of the hard
arbon prepared by pyrolysing phenolic resin[3], has an
ssentially amorphous structure. It contains pores of different
cales so that it can be doped with large amounts of Li[4–6].
ata et al. have shown for the first time[7] that PAS has much
igher capacity than the graphite, i.e. up to 1100 Ah kg−1,

he value of which is equivalent to the composition of
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C2Li, being approximately three times higher than
graphite-based electrodes[5]. This is a marked advanta
for fabricating high-capacity anode of Li ion batteries w
high energy density. We have investigated the influe
of the electrolyte composition on the battery performan
of the PAS electrode[8,9]. The experimental results
charge and discharge cycling and AC impedance ana
demonstrated that the reversible capacity of 600 Ah k−1

has been established in the electrolyte compositio
ethylene carbonate (EC) mixed with diethyl carbon
(DEC) dissolving Li(C2F5SO2)2N as the electrolytic salt.

Recently, polymeric gel electrolytes have widely b
studied from the viewpoints of the safety and reliab
of the battery system. Those gel systems consist of
mer matrices swollen with organic electrolyte solutio
and are adopted to the practical Li ion batteries[10]. We
have also investigated the polymeric electrolytes comp
of poly(vinylidene fluoride-co-hexafluoropropylene) (PVd
HFP) matrix swollen with organic electrolyte solution
PAS electrode. The basic properties of PVdF-HFP-base
378-7753/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2005.03.013
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electrolytes and their compatibility to the carbon anode have
so far been reported[11–14]. However, little has been pub-
lished on the combination of hard carbon anodes and PVdF-
HFP-based gel electrolytes. The preliminary results on the
basic properties of gel electrolytes and the charge–discharge
cycling tests have proved that the optimized composition of
PVdF-HFP-base gel electrolyte can deduce the best perfor-
mance of the PAS electrode[15].

In this work, we have further examined the electrode
composition that enables PAS-based electrode having high
capacity and cycleability in solid gel electrolytes. That is,
the purpose of the present work is to optimize the electrode
composition for obtaining higher performance of the PAS
electrode using polymeric gel electrolytes.

2. Experimental

The organic solvent, ethylene carbonate (EC) and diethyl
carbonate (DEC) (Kishida Chemical; Battery grade), were
used as received. The electrolytic salts, anhydrous LiClO4
(Wako Pure Chemical) and Li(C2F5SO2)2N (Ryoko Chemi-
cal), were dried under a vacuum at 120◦C for 24 h or longer
before use. Polyacene (PAS), developed by Kanebo, was pro-
vided as a composite sheet electrode pressed on a Cu foil
substrate and as powder with a particle size of ca. 4�m. PAS
s
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LiClO4)/(EC + DEC) and 1-methylpyrrolydine-2-on (NMP)
solvent. Each component was well-mixed (over 24 h) and
then coated onto a Cu foil current collector (8 mm× 8 mm,
200�m thick). After that, it was dried under a reduced pres-
sure (ca. 50 kPa) at 70◦C for 6 h. The third type (Type C) of
PAS electrode consisted of PAS mixed with proper amounts
of the activated carbon (1:1 by mass), PVdF-HFP and 1.0 M
Li(C2F5SO2)2N/(EC + DEC), which is donated as “Hybrid
electrode” in this paper.

The charge and discharge characteristics of three kinds of
PAS electrodes were investigated using an Li/PAS half cell
under conditions of constant current/constant potential (cc-
cv) charge and constant current (cc) discharge, typically with
a current density of 1.0 A m−2. The charging process was con-
trolled by the designated capacity (first cycle: 1000 Ah kg−1,
second cycle and after: 600 Ah kg−1).

3. Results and discussion

The anodic characteristics of the Conventional (Type
A) electrode consisting of PAS and PVdF binder were
investigated in the polymeric gel electrolytes with different
composition. We have proved that the optimized composi-
tion of PVdF-HFP-base gel electrolyte can extract the best
performance of the PAS electrode[15]. That is, the Type A
e eric
g c
s
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heet electrode was dried under a vacuum at 120◦C over 8 h
efore use. Activated carbon powder made from coco
hell with specific surface area of ca. 1700 m2 g−1 was used
fter proper pretreatments.

The polymeric gel electrolytes based on PVdF-HFP w
repared by the same way as described previously[15].

Three types of PAS electrodes were prepared in this w
he first one is a mixture of PAS as the active material
VdF as the binder, which is referred to “Conventional e

rode” or “Type A electrode” hereinafter. The second one
isted of the active mass PAS, the gel former PVdF-HFP
he ionic conductor Li(C2F5SO2)2N (or LiClO4) dissolved
n EC + DEC, in a mass ratio of 4:1:8, which is denoted
Advanced electrode” or “Type B electrode”. This type
lectrode was prepared as follows: Viscous slurries was
f PAS, PVdF-HFP, 1.0 mol dm−3 (M) Li(C2F5SO2)2N (or

ig. 1. Charge–discharge curves for PAS electrodes using EC + DE
Advanced) electrode. (- - -) LiClO4; (—) Li(C2F5SO2)2N.
lectrode showed high discharge capacity in the polym
el electrolyte using Li(C2F5SO2)2N as the electrolyti
alt, PVdF-HFP/1.0 M Li(C2F5SO2)2N/(EC + DEC). The
apacity obtained at the initial cycle was almost the sam
hat reported in the solution electrolyte. With respect to
ycleability, however, the discharge capacity was mark
ecreased with repeated cycles[15]. This capacity fadin
ith the cycle was supposed to be due to the inhibited

ransfer between the PAS electrode and the gel electr
hus, in the present work, we have optimized the comp

ion of the PAS electrode. The Advanced (Type B) elect
as prepared by blending PAS, PVdF-HFP and the Li
issolved in the organic solvent, in which both the elec
nd ion transport occur effectively through optimi

nterface between the electrode active mass (PAS) an
on-conductive phase (Li salt with the organic solvent).

electrolytes at first cycle. (a) Type A (Conventional) electrode and
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Fig. 1shows the first charge and discharge performances
of the Type B electrode in the polymeric gel using EC + DEC
component compared with that of the Type A electrode.
The charge and discharge curves for the Type B electrode
(Fig. 1(b)) show similar profile to that obtained in the or-
ganic electrolyte solutions previously studied[8,9]. The po-
tential plateau corresponding to the deposition/dissolution of
metallic lithium on/from the PAS electrode is observed for the
Type A electrode at around 0 V as shown inFig. 1(a), while
the Type B electrode does not show such potential plateau
due to the metallic Li deposition. This suggests that the inter-
face between the active mass and the ion-transport phase was
improved in the Type B electrode, and then the diffusion of
Li+ ion in the Type B electrode occurs more easily than the
Type A electrode. Both electrodes showed large irreversible
capacity, which is typically observed for hard carbon anodes
prepared at low temperature as below 1000◦C[16]. This type
of the irreversible capacity is considered to be caused by ir-
reversible reduction of functional groups of the carbon ma-
terial, or irreversible strong adsorption of Li on a certain site
within the carbon material. Actually, as PAS electrode used
in this study was prepared by pyrolysis of phenolic resin at
500–700◦C, the large irreversible capacity in the first cycle
should be due to such irreversible reactions as observed for
typical hard carbon materials.

The variation in the discharge capacity of the Type B elec-
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Fig. 2. Discharge capacity of PAS electrodes using EC + DEC gel elec-
trolytes. (�) Type B electrode (Li(C2F5SO2)2N), (©) Type A electrode
(Li(C2F5SO2)2N), (�) Type B electrode (LiClO4), (�) Type A electrode
(LiClO4).

were investigated.Fig. 3 shows the charge–discharge
curves for the Hybrid (Type C) electrode using
Li(C2F5SO2)2N/(EC + DEC) gel electrolyte (Fig. 3(b)),
compared with those for the Type B electrode (Fig. 3(a)).
The charge–discharge profile of the Type C electrode showed
different characteristics from the Type B electrode, which
include both characteristics of the activated carbon and PAS.
That is, the charge–discharge profiles of the Type C electrode
showed rather linear potential variation, being characteristics
to the profile of the capacitor electrode, where the ions are
physically adsorbed on and desorbed from the high surface
area of the activated carbon. Thus, it can be regarded as the
linear behavior of the initial discharge profile being due to the
activated carbon and the discharge profile over 1.3 V being
due to the Faradic process of PAS. The discharge capacity per
mass of the active materials (PAS) was gradually decreased
with the repeated cycle for the Type B electrode as shown in
Fig. 3(a). On the other hand, the discharge capacity (Ah kg−1

of PAS and the activated carbon) was increased with the
repeated cycle for the Type C electrode, as shown inFig. 3(b).
Large irreversible capacity was still observed inFig. 3, which
would be caused by the same reason as described previously.

The rate capability of PAS electrode was evaluated by the
dependence of discharge capacity on the current density. The

F /(EC +
e

rode during the cycle in the gel electrolytes is shown inFig. 2,
ompared with that obtained for the Type A electrode.
ycle performance of the Type B electrode was much
roved although the first discharge capacity of the Typ
lectrode was almost the same as that of the Type A

rode. With respect to the sort of the salt in the Type B e
rode, Li(C2F5SO2)2N gave better cycle performance th
iClO4. These results reveal that the interface betwee
lectrode and the polymeric gel electrolyte was improve
esigning the electrode structure appropriately. Cycling

ormances as high as those obtained in solution electro
ere realized for the PAS electrode in the present gel sy
y choosing suitable electrolyte composition.

Next the rate capability of the PAS electrode in the
lectrolyte system has been examined. Effects of the ad
f the activated carbon powder into the Type B electr

ig. 3. Charge–discharge curves for PAS electrode using Li(C2F5SO2)2N
lectrode and (b) Type C electrode.
DEC) gel electrolyte. Discharge current density: 1.0 A m−2. (a) Type B
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Fig. 4. Rate capability of PAS electrodes at fifth cycles.

Li/PAS half cell was charged under constant current/constant
potential with controlled capacity, whose condition is de-
scribed in Section2. The cell was discharged under the con-
stant current conditions (1.0, 5.0 and 10 A m−2, respectively).
Fig. 4 shows comparison of the rate capability of the Type
B and the Type C electrodes at their fifth cycles. The dis-
charge capacity for the Type B electrode was significantly
decreased with the increase in the applied current density.
However, for the Type C electrode, the discharge capacity of
about 400 Ah kg−1 was kept even the applied current density
was increased to 10 A m−2. Addition of the activated carbon
powder in the Type B electrode showed a positive effect on
the rate performance of the PAS electrode in the present gel
electrolyte system.

4. Conclusions

The electrode composition that should be suitable for the
PAS-battery system with a polymeric gel electrolyte has been
examined. The Type B (Advanced) electrode consisting of
the active mass PAS, the gel former PVdF-HFP and the ionic
conductor Li(C2F5SO2)2N dissolved in EC + DEC showed
similar charge–discharge performances as those in the or-
ganic electrolyte solutions.

The Type C electrode named “Hybrid electrode”
t ow-

der (1:1 by mass) mixed with PVdF-HFP and 1.0 M
Li(C2F5SO2)2N/(EC + DEC) showed the good rate capa-
bility. The addition of activated carbon powder in the Type
B showed a positive effect on the rate performance in the
present gel electrolyte system.
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