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batteries with Li2S-P2S5 glass–ceramic electrolytes
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Abstract

Composite positive electrodes for all-solid-state In/LiCoO2 cells with Li2S-P2S5 glass–ceramic electrolytes were designed in order to
improve the high rate performances of the cells. The composite electrodes consisted of the active material, the solid electrolyte and carbon
conductive additive powders. The cell with vapor grown carbon fiber (VGCF) as a conductive additive was charged and discharged at
current densities of over 1 mA cm−2, while the cell with acetylene black (AB) did not work as a rechargeable battery. The difference in the cell
performances was explained from viewpoints of the morphology of the carbon additives. VGCF formed a more continuous electron conducting
path in the composite positive electrode than AB. The cells without conductive additives were charged and discharged by increasing LiCoO2
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ontent in the composite positive electrode. Using a suitable morphology and amount of component powders for composite ele
ey to improve rate performances of all-solid-state secondary batteries.
2005 Elsevier B.V. All rights reserved.

eywords: All-solid-state batteries; Composite positive electrode; Solid electrolytes; Glass–ceramic; Mechanical milling

. Introduction

All-solid-state lithium secondary batteries have been in-
ensively studied as new power sources with high energy
ensity, high safety and high reliability. Inorganic solid elec-

rolytes with nonflammability are the most promising can-
idate to realize these solid-state batteries. Sulfide-based

ithium ion conducting glasses have been reported to show
igh conductivities at room temperature[1–3]. In particular,
i 2S-SiS2-based glasses prepared by melt quenching exhib-

ted high lithium ion conductivities of about 10−3 S cm−1

t room temperature[4–6]. All-solid-state In/LiCoO2 cells
sing these glasses as solid electrolytes exhibited excellent
ycling performances as rechargeable batteries[6–8].

We reported that the glass–ceramics obtained by crystal-
ization of the mechanically milled Li2S-P2S5 glasses exhib-
ted high lithium ion conductivities of about 10−3 S cm−1

t room temperature[9,10]. All-solid-state In/LiCoO2 cells
ith the Li2S-P2S5 glass–ceramics kept high capacities of

∗ Corresponding author. Tel.: +81 722 549331; fax: +81 722 549913.

100 mAh g−1 and high efficiencies of 100% over 200 cyc
at a current density of 64�A cm−2 at room temperature[11].
Positive electrodes in these solid-state cells are compos
the active material, the solid electrolyte and a conductive
ditive. Since it is not easy for lithium ions and electron
conduct in the powder-compressed electrodes consisti
only the active material, the solid electrolyte and conduc
additive powders are necessary to secure their conduct
the electrodes[12]. Thus, it is significant to design and cont
solid–solid interfaces among electrode components in o
to improve high rate performance of all-solid-state cells
our recent report, the effect of conductive additives suc
carbon, titanium nitride and nickel in composite positive e
trodes on the charge–discharge properties of all-solid-
cells was investigated[13].

In the present study, we focused on carbon condu
additives in composite positive electrodes for all-solid-s
batteries. Two carbon materials with different morpholo
has been selected; one is acetylene black (AB) as conve
ally used nanoparticles (about 15 nm in size) and the o
is vapor grown carbon fiber (VGCF) with 150 nm in dia
E-mail address:tatsu@ams.osakafu-u.ac.jp (M. Tatsumisago). eter. The composite positive electrodes without conductive
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additives were also prepared. All-solid-state cells using the
composite electrodes with and without two different kinds
of carbon materials were assembled. The influence of car-
bon conductive additives on charge–discharge behaviors of
the cells, especially under high current densities, was inves-
tigated.

2. Experimental

Li2S-P2S5 glass–ceramics for solid electrolytes were pre-
pared by mechanical milling and subsequent heat treat-
ment [9–11]. Reagent-grade chemicals of Li2S (Furu-
uchi Chemical, 99.9%) and P2S5 (Aldrich Chemical,
99%) were used as starting materials to prepare the
80Li2S·20P2S5 (mol%) glass, whose composition was se-
lected because the glass–ceramic exhibited high conductivity
of 7.2× 10−4 S cm−1 at room temperature[9]. The mixture
of these materials was mechanically milled under a rotating
speed of 370 rpm for 20 h at room temperature. The obtained
glassy powder was heated at 230◦C to yield highly conduc-
tive glass–ceramics. All the processes were performed in a
dry Ar-filled glove box ([H2O] < 1 ppm).

Laboratory-scaled solid-state cells were constructed as
follows [11–13]. Powders of LiCoO2 (Honjo Chemical), the
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Compositions of composite positive electrodes, conductive
additives and current densities used in these measurements
are listed inTable 1.

3. Results and discussion

Composite positive electrodes for all-solid-state cells
were prepared by mixing LiCoO2, the 80Li2S·20P2S5
glass–ceramic electrolyte and a carbon conductive additive of
VGCF or AB. FE-SEM observation suggested that AB with
average particle size of about 15 nm formed submicron-sized
agglomeration, whereas fibrous VGCF with average diameter
of about 150 nm was randomly dispersed[13].

Fig. 1 shows the first charge and discharge curves of all-
solid-state In/LiCoO2 cells using the composite positive elec-
trodes with different conductive additives. Dotted, solid and
dashed lines respectively denote the cells A, B and C shown
in Table 1. The cell A with VGCF operating at a current den-
sity of 64�A cm−2 shows a discharge plateau of about 3.2 V
and a discharge capacity of about 80 mAh g−1 under a cut off
voltage of 2.0 V. The cell B with VGCF is charged and dis-
charged even at a current density of 1280�A cm−2, although
the drop of the discharge potential is observed. The cell B
shows a discharge plateau of about 2.8 V and a discharge ca-
pacity of about 75 mAh g−1 under a cut off voltage of 1.5 V.
T cur-
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0Li2S·20P2S5 glass–ceramic, and vapor grown carbon fi
VGCF, Showa Denko) or acetylene black (AB, Denk
aku Kogyo) were used to prepare composite positive

rodes. The powders were weighed as shown inTable 1, and
he composite electrodes were obtained by dry-mixing
gate mortar for 30 min. An indium foil (Furuuchi Chemic
9.999%) was used as a negative electrode. The com
ositive electrode (20 mg) and the glass–ceramic solid

rolyte (80 mg) were together pressed under 3700 kg c−2

n a polycarbonate tube (ϕ = 10 mm), and then the indiu
oil was pressed under 2500 kg cm−2 on the obtained pe
et. The three-layered pellet was sandwiched and he
wo stainless-steel disks as current collectors. The
ere charged and discharged using a charge–discharge
uring device (BTS-2004, Nagano). Cycling performan
ere evaluated under constant current densities of 64
280�A cm−2 at room temperature in an Ar atmosphe

able 1
omposition of composite positive electrodes, conductive additives an

ent densities used in charge–discharge measurements

ell composition of composite
ositive electrode LiCoO2:SE:
onductive additivea (wt. ratio)

Conductive
additive

Current density
(�A cm−2)

40:60:4 VGCF 64
40:60:4 VGCF 1280
40:60:6 AB 1280
40:60:0 – 64
70:30:0 – 64
70:30:0 – 1280

a SE: the 80Li2S·20P2S5 glass–ceramic solid electrolyte.
-

he cell C with AB is also charged and discharged at a
ent density of 1280�A cm−2. However, the potential dro
f the cell is larger than that of the cell with VGCF. The c
shows a discharge plateau of about 2.0 V and a disc

apacity of about 45 mAh g−1 up to 1.5 V.
Fig. 2 shows the discharge capacities and cha

ischarge efficiencies of all-solid-state In/LiCoO2 cells with
onductive additives as a function of cycle number. Filled
pen marks respectively denote the discharge capacitie
harge–discharge efficiencies. Circles, diamonds and
les denote the cells A, B and C, respectively. Until the se
ycle, all the cells were charged up tox= 0.40 in Li1−xCoO2
110 mAh g−1), and then the cell A was discharged to 2.

ig. 1. First charge and discharge curves of all-solid-state In/LiCoO2 cells
ith conductive additives. Detailed conditions of the cells A, B and C
escribed inTable 1.
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Fig. 2. Discharge capacities and charge–discharge efficiencies of all-solid-
state In/LiCoO2 cells with conductive additives as a function of cycle num-
ber.

and the cells B and C were discharged to 1.5 V. After the
third cycle, charge–discharge cycles were repeated between
the maximum charge voltage of the second cycle and 2.0 or
1.5 V. At the second cycle, the cells A and B exhibit the re-
versible capacities of about 100 mAh g−1, while the cell C
exhibits the capacity of about 50 mAh g−1. After the third
cycle, high discharge capacities of about 100 mAh g−1 and
high charge–discharge efficiencies of 100% are maintained
for the cell A. We confirmed that the cell A showed an ex-
cellent cycling performance with no capacity losses up to
the 200th cycle. In contrast, discharge capacities of the cell
B monotonically decrease with an increase in cycle number,
although high charge–discharge efficiencies of 100% are ob-
tained. The cell C exhibits lower discharge capacities than
the cell B. At the 50th cycle, the discharge capacities of the
cells B and C are respectively about 40 and 10 mAh g−1. The
cells B and C were charged and discharged at a current den-
sity of 64�A cm−2 after operating at 1280�A cm−2 for 50
cycles. Both cells exhibited the discharge plateaus of about
3.2 V and the reversible capacities of about 100 mAh g−1,
which is almost the same as the capacity of the cell A. It was,
thus, found that the gradual decrease in discharge capacities
in the solid-state cells operated under high current densities
were not due to degradation of composite electrodes such as
a loss of electrical contact between powders. An increase in
overpotential due to the rate-limiting step of charge-transfer
o
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Fig. 3. First charge and discharge curves of all-solid-state In/LiCoO2 cells
without conductive additives. Detailed conditions of the cells D, E and F are
described inTable 1.

Since it is easy for VGCF to form a continuous electron con-
ducting path within an electrode, the overpotential observed
under high current densities would decrease. Therefore, it is
suggested that the cell B using VGCF as a conductive addi-
tive shows good cell performances even under high current
densities of over 1 mA cm−2.

In order to investigate the effect of the addition of con-
ductive additives on cell performances, composite positive
electrodes without the additives were prepared and applied
to all-solid-state cells.Fig. 3shows the first charge and dis-
charge curves of all-solid-state In/LiCoO2 cells without con-
ductive additives. Dashed, solid and dotted lines denote the
cells D, E and F, respectively shown inTable 1. Cell volt-
age of the cell D with the composite electrode (LiCoO2:solid
electrolyte = 40:60 (wt.%)) rapidly reaches 6 V in charging
and the cell can not be discharged at a current density of
64�A cm−2. In contrast, the cells E and F with the compos-
ite electrodes (LiCoO2:solid electrolyte = 70:30 (wt.%)) are
charged and discharged. Flat charge–discharge curves and
high cell voltage of about 3.3 V in discharging are obtained
for the cell E, while lower cell voltage of about 2.2 V in dis-
charging are obtained for the cell F because of a large over-
potential in charging. The discharge capacities of the cells
E and F are respectively about 80 and 55 mAh g−1 at the
first cycle. After second cycle, discharge capacities of both
cells monotonically decreased with an increase in cycle num-
b were
o

olid-
s -
t nic
c CF.
N os-
i d
a path
w with
L ess
t d be-
c trode
r mass-transfer is one possible reason.
Here, we discuss the influence of carbon conductive

itives in composite positive electrodes on charge–disch
ehaviors of all-solid-state cells. The cell B exhibited hig
ischarge plateaus and higher discharge capacities dur
ycles than the cell C, suggesting that the overpotentia
erved in the cell B was lower than that in the cell C. In o
o clarify the difference of cell performance, we focused
he morphologies of carbon conductive additives in com
te positive electrodes where electrochemical reactions o
B with nano-ordered primary particles would make c

act with LiCoO2 at the nanodimensional level. Howeve
s difficult to homogeneously disperse AB in the compo
lectrodes by dry-mixing because AB is easy to aggrega

tself. On the other hand, VGCF would make contact w
iCoO2 at multiple points along submicron-ordered fib
er, although charge–discharge efficiencies of 100%
btained.

Here we discuss charge–discharge behaviors of all-s
tate cells without conductive additives. LiCoO2 shows elec
ronic conduction by itself although it has lower electro
onductivity than carbon materials such as AB and VG
ot only the cell E but also the cells using the comp

te electrodes with 60–80 wt.% of LiCoO2 were charge
nd discharged, suggesting that an electron conducting
ere effectively formed in composite positive electrodes
iCoO2 of more than 60 wt.% and the solid electrolyte of l

han 40 wt.%. The cell D was not charged and discharge
ause an electron conducting path in the composite elec
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was not sufficiently formed. However, the lowering of the cell
voltage in discharging and the decrease in discharge capac-
ity were observed for the cell F operating under high current
densities of over 1 mA cm−2. This would be also due to the
overpotential in charging. It is supposed that the lithium ion
and electron conducting paths formed for the cell F would
not be enough to operate the solid-state cells under high cur-
rent densities. Improvement on high rate performances of the
solid-state cells is now in progress.

4. Conclusion

Composite positive electrodes for all-solid-state In/
LiCoO2 cells with Li2S-P2S5 glass–ceramic electrolytes
were prepared. In order to improve electronic conductivity
of the composite positive electrodes, carbon conductive addi-
tives such as VGCF and AB were added to the composite elec-
trodes. Under high current densities of over 1 mA cm−2, the
cell with VGCF exhibited better cell performances than the
cell with AB, suggesting that the morphologies of conductive
additives were closely related with high rate performances of
all-solid-state cells. The cells using composite positive elec-
trodes without conductive additives were also assembled and
the cells with smaller amounts of LiCoO2 were not charged
and discharged even at a low current density of 64�A cm−2.
I
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important to enhance the cell performances of all-solid-state
secondary batteries under high current densities.
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