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bstract

Highly lithium ion conducting glass–ceramics in the system Li2S P2S5 were successfully prepared by a heat treatment of the mechanochmi-
ally prepared sulfide glasses. The 80Li2S·20P2S5 (mol.%) glass–ceramic mainly composed of the crystal analogous to the highly con-
uctive thio-LISICON II phase in the system Li4−xGe1−xPxS4 showed conductivity as high as 10−3 S cm−1 at room temperature. The
0Li2S·30P2S5 glass–ceramic, in which the highly ion conductive new metastable phase was formed on heating, showed the highest con-
uctivity of 3.2 × 10−3 S cm−1 and the lowest activation energy of 12 kJ mol−1 for conduction. The all-solid-state battery In/80Li2S·20P2S5

lass–ceramic/LiCoO2 exhibited excellent cycling performance of over 500 times with no decrease in the charge–discharge capacity (100 mAh g−1).
The SnS P2S5 glasses as active materials were mechanochemically prepared from SnS and P2S5. High performance of these glassy electrode
aterials was observed in the rechargeable cell of 80SnS·20P2S5/80Li2S·20P2S5 glass–ceramic/LiCoO2, in which a continuous sulfide network

etween electrode and electrolyte was successfully formed.
The effects of conductive additives in composite electrodes on charge–discharge behavior of all-solid-state cells with Li S P S glass–ceramics
2 2 5

s a solid electrolyte were investigated. Under a current density over 1 mA cm−2, the cell with vapor grown carbon fiber kept larger discharge
apacities during 50 cycles than the cell with acetylene black. The design of continuous electron conducting path from a point of view of morphology
or conductive additives is important to improve cell performances of all-solid-state lithium secondary batteries.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Much attention has been paid to all-solid-state lithium sec-
ndary batteries because the replacement of conventional liq-
id electrolytes with inorganic solid electrolytes essentially
mproves safety and reliability of lithium batteries [1,2]. There
re two approaches of developing all-solid-state batteries; one is
thin-film battery prepared by RF sputtering and laser ablation,
nd the other is a bulk-type battery constructed of electrolyte
nd electrode powders. Several all-solid-state thin film batteries
ith inorganic glassy electrolytes such as lithium phospho-

us oxynitrides (LiPON) have been reported to show excellent
ong-cycling performances at room temperature [3,4]. The bulk-

ype battery has an advantage of enhancing cell capacity by the
ddition of large amounts of active materials to the cell. Both
tilizing highly conductive solid electrolytes and achieving a
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lose contact between electrolyte and electrode powders are key
o improve the cell performance. Sulfide-based glassy materials
re promising solid electrolyte for bulk-type all-solid-state bat-
eries because of their several advantages in comparison with
he crystalline solid electrolytes: a higher ion conductivity, a
ide range selection of compositions, isotropic properties, no
rain boundaries, easy film formation, and so on [5]. The elec-
rochemical performance of all-solid-state In/LiCoO2 cells with
he Li2S SiS2 Li3PO4 glasses was firstly reported in 1994 by
ondo and co-workers [6] and then this type of cells with sulfide

olid electrolytes have been developed [7–12]. In the bulk-type
ells a composite electrode composed of electrode active, solid
lectrolyte, and electron conductive materials has been used to
uild the conduction pathways of ions and electrons in the elec-
rode parts. The design of the suitable composite electrode is
mportant to improve the properties of this type of all-solid-state

atteries, especially high-rate performance.

On the other hand, we have recently discovered a series of
ighly conductive glass–ceramics in the Li2S-based sulfide sys-
ems, in which superionic metastable phases are formed from

mailto:tatsu@chem.osakafu-u.ac.jp
dx.doi.org/10.1016/j.jpowsour.2006.04.037
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he sulfide glasses [13,14]. Superionic phase is sometimes high-
emperature or metastable phase and these phases are easily
ormed from supercooled liquid like in the case of heating glass
eyond glass-transition temperature [5]. The formation of these
lass–ceramic materials via glass-heating process is thus very
romising in the preparation of highly conductive solid elec-
rolytes for all-solid-state batteries.

The present paper reports the preparation and characteri-
ation of Li2S-based glass–ceramic materials in the system
i2S P2S5. We also report their application to all-solid-state

ithium secondary batteries, focusing on three components con-
tructing composite electrodes in the all-solid-state cells: solid
lectrolyte, electrode material, and conductive additive. The
ffects of these components, especially Sn-based active materi-
ls and electronic conducting additives, on the electrochemical
erformance of the all-solid-state cells with sulfide solid elec-
rolytes are discussed.

. Experimental procedure

The Li2S P2S5 glass–ceramics were prepared by mechani-
al milling (MM) and subsequent heat treatment. The MM was
erformed using a planetary ball mill apparatus of Fritsch Pul-
erisette 7. Alumina pots and balls were mainly used for milling
nd the rotation speed was about 370 rpm. The obtained glassy
amples were pelletized and heated up to various temperatures
ver their crystallization temperatures to form the glass–ceramic
aterials. All the processes were carried out in a dry Ar-filled

love box. Electrical conductivities were measured for the glassy
nd glass–ceramic pellets by the ac impedance method.

In order to construct laboratory-scale solid-state cells, com-
osite electrodes were prepared by mixing three powders of
ctive materials like LiCoO2, solid electrolytes of the prepared
lass–ceramics, and electronic conducting materials like acety-
ene black (AB); in some cases, Sn-based glassy materials were
sed as an active material, and in the other cases a piece of
ndium foil was used as a negative electrode. The all-solid-state
ells were charged and discharged under a constant current den-
ity from 64 to 1280 �A cm−2 at room temperature in an Ar
tmosphere.

. Results and discussion

.1. Highly conductive glass–ceramics in the system
i2S P2S5

In general, crystallization of glassy materials is well known
o lower conductivities [15]. However, conductivity enhance-

ent was observed by a heat treatment of the mechanochemi-
ally prepared Li2S P2S5 glasses at around their crystallization
emperatures [13] while the conductivity of the Li2S SiS2-
ased glasses drastically decreased with the heat treatment
t their crystallization temperatures. The obtained Li2S P2S5

lass–ceramic materials exhibited ambient temperature conduc-
ivity of about 10−3 S cm−1 in compressed pellet and, therefore,
he glass–ceramics are attractive solid electrolytes for all-solid-
tate lithium secondary batteries.

w
b
s
t

ig. 1. Temperature dependence of conductivities for the 80Li2S·20P2S5

lass prepared by mechanical milling (closed circles) and the
5(0.6Li2S·0.4SiS2)·5Li4SiO4 melt-quenched glass (open circles).

Fig. 1 shows the temperature dependence of conductivities
or the 80Li2S·20P2S5 (mol.%) glass prepared by mechanical
illing (closed circles) and the 95(0.6Li2S·0.4SiS2)·5Li4SiO4

mol.%) melt-quenched glass (open circles) [16]. The conduc-
ivity measurements were carried out on the heating process up
o the temperatures beyond their glass transition (Tg) and crys-
allization temperatures (Tc) and then the cooling process down
o ambient temperature in both systems. The crystallization of
he Li2S SiS2-based glass decreases conductivity on heating
eyond Tc and this behavior is commonly observed in glassy
on conductors. In this case, the decrease in conductivity of the
lass is due to the precipitation of Li4SiS4 crystal with low con-
uctivity. On the other hand, the conductivity enhancement is
bserved in the Li2S P2S5 system after heating at a temperature
eyond Tc. In the case of 80Li2S·20P2S5 the conductivities on
he cooling process are higher than those on the heating process.
he ambient temperature conductivity on the cooling process is
.3 × 10−3 S cm−1, which is almost four times larger than the
onductivity of the as-prepared glass. The crystallization occurs
uring the heating process, and this unexpected phenomenon is
xplained by the formation of superionic crystalline phases in
his system.

The X-ray diffraction patterns of the 80Li2S·20P2S5 sam-
les before and after being heated up to temperatures just
bove Tc indicated the diffraction pattern after crystallization
s very similar to that of the thio-LISICON Li4−xGe1−xPxS4
hase in region II (0.6 < x < 0.8) (abbreviated name: thio-
ISICON II), which was reported to exhibit high conductivity
f 2.2 × 10−3 S cm−1 at room temperature [17]. Although thio-
ISICON Li3+5xP1−xS4 without germanium has also been syn-

hesized by solid phase reaction [18], this thio-LISICON phase
s reported to have the different structure from the thio-LISICON
I and exhibit lower conductivity of 1.5 × 10−4 S cm−1 than the
hio-LISICON II and the glass–ceramics. The crystal phases

ith the same structure as the thio-LISICON II were not formed
y solid phase reaction in the Li2S P2S5 binary system [18],
uggesting that the thio-LISICON II analog would be precipi-
ated as a metastable phase from the mechanically milled glass.
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of about 100 mAh g−1 and the charge–discharge efficiency of
100% (no irreversible capacity) for 500 cycles.

Fig. 3 shows charge–discharge curves at the 300th cycle for
all-solid-state cells In or In–Li alloy/LiCoO2, Li4/3Ti5/3O4, or
ig. 2. Composition dependence of ambient temperature conductivity for the
lasses in the system Li2S-P2S5 prepared by MM (open circles) and that for the
lass–ceramics obtained by the crystallization of these glasses (closed circles).

he crystallization of the thio-LISICON II analog with high
onductivity is responsible for the marked enhancement of con-
uctivity in the 80Li2S·20P2S5 glass.

Fig. 2 shows the composition dependence of ambient tem-
erature conductivity for the glasses in the system Li2S P2S5
repared by mechanical milling (open circles) and that for the
lass–ceramics obtained by the crystallization of these glasses
closed circles). The heat treatment was carried out at temper-
tures just above Tc. The conductivity of the original glasses
ncreases with an increase in the Li2S content up to 80 mol.%
nd it decreases with the addition of Li2S more than 80 mol.%.
he increase of conductivity for the glasses with Li2S con-

ent is due to the increase of ion carrier concentration and the
ubsequent decrease is due to the precipitation of less conduc-
ive Li2S crystals. Although the conductivity enhancement with
rystallization is observed in all the glass compositions with
ore than 70 mol.%Li2S, the conductivity difference between

lasses and corresponding glass–ceramics depends on the com-
osition. In the case of 80Li2S·20P2S5 composition, a remark-
ble increase of conductivity is observed due to the formation
f the thio-LISICON II analog during the crystallization as
entioned above. In the case of 70Li2S·30P2S5 composition,

he ambient temperature conductivity of the glass–ceramics is
igher than that of 80Li2S·20P2S5 glass–ceramic. The con-
uctivity value of the 70Li2S·30P2S5 glass–ceramic shown in
ig. 2 is 2.2 × 10−3 S cm−1 at room temperature, which was
btained after heating of the glass at 240 ◦C. The glass–ceramic
btained by heating at 360 ◦C exhibited the highest conduc-
ivity of 3.2 × 10−3 S cm−1 and the lowest activation energy
f 12 kJ mol−1 for conduction. The reaction product obtained
y solid-state reaction of 70 mol.%Li2S and 30 mol.%P2S5 at
00 ◦C showed much lower conductivity of about 10−8 S cm−1.

Precipitated crystals in the 70Li2S·30P2S5 glass–ceramic
ere examined by use of X-ray diffraction measurements. In
he glass–ceramics heated at 240 and 360 ◦C, a highly ion
onductive new crystalline phase [14], which is not obtained
y solid-state reaction, was formed. The highest conductiv-
ty obtained at the heat treatment of 360 ◦C would be caused

F
I
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y both the precipitation of the new crystalline phase and
he increase in crystallinity of the phase. The Li4P2S6 crys-
al with lower conductivity was mainly present in the case of
he sample obtained by solid-state reaction. Thus, the supe-
ionic new crystalline phase was precipitated as a metastable
hase in the case of crystallization of glass. The superionic
etastable phase is responsible for the high conductivity and low

ctivation energy for conduction of the 70Li2S·30P2S5 glass–
eramic.

.2. Construction of all-solid-state cells with a variety of
ctive materials

The Li2S P2S5 glass–ceramics with ambient temperature
onductivity of 10−3 S cm−1 was used as a solid electrolyte for
ll-solid-state cells of three-layered powder compressed pellets.
he first layer was a negative electrode, e.g. an indium foil.
he second layer was the glass–ceramics as an electrolyte. The

hird layer was a positive electrode, e.g., composite materials
ontaining LiCoO2. In order to achieve smooth electrochem-
cal reaction in the cell, we prepared the composite positive
lectrode composed of three kinds of powders: the active mate-
ials like LiCoO2, the solid electrolyte powder of Li2S P2S5
lass–ceramics providing lithium ion conduction path, and the
lectronic conducting materials like acetylene black provid-
ng electron conduction path. The composite positive electrode
onsisting of LiCoO2, the 80Li2S·20P2S5 glass–ceramic and
cetylene-black powders with a weight ratio of 20:30:3 was used
or a typical all-solid-state cell as an example [8,11]. This cell
as charged and discharged under a constant current density of
4 �A cm−2 at room temperature in Ar atmosphere. Although
n irreversible capacity was initially observed at the first few
ycles, the all-solid-state cell maintained the reversible capacity
ig. 3. Charge–discharge curves at the 300th cycle for all-solid-state cells In or
n–Li alloy/LiCoO2, Li4/3Ti5/3O4, or amorphous V2O5.



1 f Pow

a
a
c
o
t
p
T
b
a
s

e
r
T
a
T
r
[
p
t
o
s

s
a
B
fi
t

s
8
c
a
l
e
s
d
c
t
i
a
p
b

F
L

a
b
8
t
e
c
i
c
o
f
c

S
o
o
b
c
p
L
o
(
t
a
c
O
f
m
g
h
i
F

Fig. 5 shows the charge–discharge curves at the 50th
cycle of the all-solid-state 80SnS·20P2S5/LiCoO2 cell. The
80Li2S·20P2S5 glass–ceramic electrolyte was used in the cells.
The charge–discharge measurements were carried out at a
96 M. Tatsumisago et al. / Journal o

morphous V2O5. The 80Li2S·20P2S5 glass–ceramic was used
s a solid electrolyte. The electrochemical measurements were
arried out at room temperature under a constant current density
f 64 �A cm−2. In spite of the 300th cycle data, high capaci-
ies and 100% efficiency are observed in the charge–discharge
erformance of all the cells with various electrode materials.
he cells show different voltage plateaux based on the com-
ination of electrode materials. The glass–ceramic electrolytes
re compatible with various positive electrode materials for all-
olid-state cells with excellent cyclability.

Much attention has also been devoted to develop negative
lectrode materials instead of conventional graphite in order to
ealize lithium secondary batteries with higher energy density.
in-oxide-based glasses [19,20] were reported to work as a neg-
tive electrode material with high capacity in lithium ion cells.
he cell performance of SnO-based glasses exhibited larger

eversible capacity than the corresponding crystalline material
21]. We have also developed a series of SnO-based borate,
hosphate, and borophosphate glasses [22,23] and found that
he capacity of the cells using these active materials depended
n the composition of glasses, and was closely related to local
tructure of the glasses.

Very recently, the SnS P2S5 glassy materials were synthe-
ized by mechanical milling and applied as an electrode to
ll-solid-state cells with the Li2S P2S5 solid electrolyte [24].
ecause of using a common P2S5 component, a continuous sul-
de network between electrode and electrolyte was formed in

he cells.
Fig. 4 shows the first charge–discharge curves of all-solid-

tate cells of Li–In/80SnS·20P2S5 and of Li–In/SnS. The
0Li2S·20P2S5 glass–ceramic was used as an electrolyte in these
ells. The charge–discharge measurements were carried out at
current density of 64 �A cm−2 at 25 ◦C. The ordinate on the

eft hand side denotes cell potential versus the Li–In counter
lectrode, and that on the right hand side denotes potential ver-
us the Li electrode, which was calculated from the basis of the
ifference on the potential between Li–In and Li [7]. A charge
orresponds to an insertion of lithium ions to the working elec-
rode, while a discharge corresponds to an extraction of lithium
ons from the working electrode. Two plateaux at around 1.3

nd 0.5 V (versus Li) are observed on the charge curve and one
lateau at around 0.5 V is observed on the discharge curve in
oth cells. The SnS-P2S5 amorphous materials prove to work

ig. 4. The first charge–discharge curves of all-solid-state cells of
i–In/80SnS·20P2S5 and of Li–In/SnS.

F
8
c
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s electrode materials for all-solid-state rechargeable lithium
atteries. The charge–discharge capacities of the cell with the
0SnS·20P2S5 electrode are larger than those with the SnS elec-
rode. The discharge capacity of the cell with the 80SnS·20P2S5
lectrode (590 mAh g−1) is 1.5 times as large as the capacity of
onventional graphite electrodes used in commercialized lithium
on secondary batteries. The charge–discharge efficiency for the
ell with the 80SnS·20P2S5 electrode (56%) is larger than that
f the cell with SnS (43%). The addition of P2S5 as a network
ormer component to SnS is concluded to enhance the reversible
apacity of the cells.

The charge–discharge profiles with two-step of the cells with
nS P2S5 electrodes are quite similar to those of the nonaque-
us lithium cells with SnO P2O5 electrodes [23]. On the basis
f the mechanism of electrochemical lithium insertion to SnO-
ased glassy materials [20–22], the first plateau on the charge
urve of the cell with the 80SnS·20P2S5 electrode in Fig. 4 is
robably due to the formation of metallic Sn nanoparticles and
i2S P2S5 glassy matrix (irreversible process), and the sec-
nd plateau is due to the formation of Li Sn alloy domains
reversible process). The formation of the highly Li+ conduc-
ive Li2S P2S5 matrix around Sn active particles easily provides

close electrode–electrolyte interface, where smooth electro-
hemical reaction would occur during charge–discharge cycle.
n the other hand, the less conductive Li2S matrix would be

ormed in the cell with the SnS electrode. The sulfide glassy
atrix played an important role in not only preventing the aggre-

ation of Sn domains but also endowing the electrode with
igh conductivity. Hence, the 80SnS·20P2S5 electrode exhib-
ted better performance than the SnS electrode as shown in
ig. 4.
ig. 5. The charge–discharge curves at the 50th cycle of the all-solid-state
0SnS·20P2S5/LiCoO2 cell. The inset shows the cycling performance of the
ell.
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urrent density of 64 �A cm−2 in the potential range from 2
o 4 V. The cell capacity was calculated on the basis of the
egative electrode. The charge–discharge plateaux of the cell
re about 3.4 V. The inset shows the cycling performance of the
ell. The reversible capacity gradually decreases and settled in
ver 400 mAh g−1 at the 50th cycle.

As a future development of all-solid-state cells, Souquet et
l. proposed a glassy monolithic cell [25]: a common network
ormer is used for the electrolyte and electrodes materials. The
onolithic cell with a continuity for the lithium ion surrounding

uring its transfer from one electrode to the other would have a
avorable feature of reducing the interfacial polarization during
on transfer. The all-solid-state cells with the combination of the
nS P2S5 electrode and the Li2S P2S5 electrolyte is a first step
or the realization of the monolithic cell.

.3. Conductive additives in all-solid-state cells

The cells using liquid electrolytes usually exhibit favorable
lectrode–electrolyte interfaces, which can be realized only by
oaking electrodes in liquid electrolytes. On the other hand, in
he cells using solid electrolytes, electrode and electrolyte pow-
ers should be purposely contacted to form close solid–solid
nterfaces, where electrochemical reactions occur. In the solid-
tate cells, composite electrodes with a conductive additive are
ommonly used in order to form continuous electron conducting
aths. Here, the effects of conductive additives in composite pos-
tive electrodes on charge–discharge behaviors of all-solid-state
n/LiCoO2 cells with the 80Li2S·20P2S5 glass–ceramic elec-
rolyte were investigated. Acetylene black (AB), vapor grown
arbon fiber (VGCF), titanium nitride (TiN) and nickel (Ni) were

sed as conductive additives.

The morphologies of the conductive additives were examined
sing a field emission scanning electron microscope (FE-SEM).
ig. 6 shows FE-SEM photographs of AB, VGCF, TiN and Ni.

t
a
t
e

Fig. 6. FE-SEM photographs of AB
ig. 7. The first charge and discharge curves of all-solid-state In/LiCoO2 cells
ith various conductive additives of AB, VGCF, TiN and Ni.

B is composed of aggregates with primary particles of about
5 nm in average size, whereas VGCF is composed of fibers of
bout 150 nm in average diameter and about 10 �m in average
ength. The average particle sizes of TiN and Ni are about 1.0
nd 0.5 �m, respectively.

Using a composite positive electrode without a conductive
dditive (LiCoO2:solid electrolyte = 40:60 (w/w)), the solid-
tate In/LiCoO2 cell was assembled. The cell voltage rapidly
eached 6 V in charging and the cell was not able to be discharged
t a current density of 64 �A cm−2 (the charge–discharge curves
re shown in Fig. 7). In this case, it is difficult to transport elec-

rons in the composite positive electrode without a conductive
dditive. The addition of conductive additives is very important
o achieve sufficient electronic conduction of composite positive
lectrodes.

, VGCF, TiN and Ni powders.
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The additional amounts to endow composite positive elec-
rode with sufficient electron conductivity were determined by
c impedance measurements for the model composite mate-
ials consisting of conductive additive and insulative sulfur
26]. Carbon materials AB and VGCF were more effective to
ecrease the resistivities of composite materials than TiN and
i. Fig. 7 shows the first charge and discharge curves of all-

olid-state In/LiCoO2 cells with various conductive additives.
he amounts of AB, VGCF, TiN and Ni added to the composite
ositive electrodes were respectively 6, 4, 60 and 40 wt.%, and
current density was 64 �A cm−2. All cells with conductive

dditives work as rechargeable batteries at room temperature.
nder a cut off voltage of 2.0 V, the cells with AB, TiN and
i exhibit discharge capacities of about 60 mAh g−1, while the

ell with VGCF exhibits larger discharge capacities of about
0 mAh g−1. All cells were charged up to x = 0.40 in Li1−xCoO2
110 mAh g−1) and discharged to 2.0 V until the second cycle,
nd then charge–discharge cycles were repeated between the
aximum charge voltage of the second cycle and 2.0 V after the

hird cycle. The cell with VGCF maintained the discharge capac-
ties of about 100 mAh g−1 and charge–discharge efficiencies of
00% up to the 300th cycle. On the other hand, discharge capac-
ties of the cells with AB, TiN and Ni monotonically decreased
ith an increase in cycle number, although charge–discharge

fficiencies of 100% were obtained. At the 30th cycle, discharge
apacities of the cells with AB, TiN and Ni were respectively
bout 70, 50 and 60 mAh g−1. The fact that the cells with AB
nd VGCF exhibited larger discharge capacities than those with
iN and Ni suggests that the carbon materials would be suitable

o carry out reversible electrochemical reactions at solid–solid
nterfaces in the composite positive electrodes as compared with
iN and Ni.

Cell performances under high current densities over

mA cm−2 were examined for all-solid-state cells with carbon
onductive additives. Fig. 8 shows the first charge and dis-
harge curves of all-solid-state In/LiCoO2 cells with AB and

ig. 8. The first charge and discharge curves of all-solid-state In/LiCoO2 cells
ith AB and VGCF. The current density was 1280 �A cm−2.
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GCF. The amounts of AB and VGCF added to the compos-
te positive electrodes were respectively 6 and 4 wt.%, and a
urrent density was 1280 �A cm−2. The cells with AB and
GCF are charged and discharged even at a current density over
mA cm−2, although the drops of the discharge potentials are
bserved. The cells with AB and VGCF exhibit discharge capac-
ties of about 40 and 70 mAh g−1 under a cut off voltage of 1.5 V,
espectively. The cell with AB shows a lower discharge plateau
nd a smaller discharge capacity than the cell with VGCF, sug-
esting that an overpotential observed in the cell with AB is
arger than that in the cell with VGCF. Both cells were charged
p to x = 0.40 in Li1−xCoO2 (110 mAh g−1) and discharged to
.5 V until the second cycle, and then charge–discharge cycles
ere repeated between the maximum charge voltage of the sec-
nd cycle and 1.5 V after the third cycle. After the third cycle,
ischarge capacities of both cells monotonically decreased with
n increase in cycle number, although charge–discharge effi-
iencies of about 100% were obtained. The discharge capacities
f the cells with AB and VGCF at the 50th cycle were about
0 and 40 mAh g−1, respectively, and the cell with VGCF kept
arger discharge capacities during 50 cycles than the cell with
B [27]. The difference in the cycling performance for the cells
ith AB and VGCF would be closely related to the morpholo-
ies of conductive additives in composite positive electrodes.
B with nano-ordered primary particles would make contact
ith LiCoO2 at the nanodimensional level. However, it is diffi-

ult to homogeneously disperse AB in the composite electrodes
y dry-mixing because AB is easy to aggregate by itself. On the
ther hand, VGCF would make contact with LiCoO2 at multi-
le points along submicron-ordered fibers. Since it is easy for
GCF to form a continuous electron conducting path within an

lectrode, the overpotential in the cell with VGCF was smaller
han that with AB. Therefore, the cell with VGCF showed larger
ischarge capacity during 50 cycles than the cell with AB. The
esign of continuous electron conducting paths from the point
f view of morphology for conductive additives is important to
nhance cell performances of all-solid-state lithium secondary
atteries. Fibrous VGCF is a promising conductive additive suit-
ble for all-solid-state batteries.
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