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Abstract

The electrical and electrochemical properties of the Li2S–P2S5–P2O5 glass–ceramic electrolytes were investigated. The 80Li2S·
(20− x)P2S5·xP2O5 (mol%) glass–ceramics were prepared by a mechanical milling and a subsequent heat treatment. The 80Li2S·19P2S5·1P2O5

glass–ceramic showed the high lithium ion conductivity of 7.4× 10−4 S cm−1 at room temperature and the low activation energy of 34 kJ mol−1

for conduction. The addition of a small amount of P2O5 to the Li2S–P2S5 sulfide system lowered the electronic conductivity and enhanced
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he electrochemical stability of the glass–ceramic electrolytes. All-solid-state In/LiCoO2 cells with the 80Li2S·19P2S5·1P2O5 glass–cerami
s a solid electrolyte worked as lithium secondary batteries at room temperature. The cells maintained high discharge capac
00 mAh g−1 for 10 cycles.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Lithium ion conducting solid electrolytes have attracted
strong interest for their potential application to all-solid-

tate lithium secondary batteries with high energy densities.
ll-solid-state batteries have some advantages, such as no

eakage of electrolytes and an easy miniaturization. Solid
lectrolytes require a high ionic conductivity, a low electronic
onductivity and a good electrochemical stability over a wide
otential range. Sulfide glasses in the systems Li2S–P2S5 and
i2S–SiS2 are one of the highly lithium ion conductive solid
lectrolytes[1,2].

We have reported that the Li2S–P2S5 glasses prepared by
sing a mechanical milling technique show lithium ion con-
uctivities of more than 10−4 S cm−1 at room temperature

3]. The crystallization of the glasses enhanced the conduc-
ivity and the obtained glass–ceramic materials showed high
onductivity of about 10−3 S cm−1 at room temperature[4].

∗ Corresponding author.
E-mail address:hayashi@chem.osakafu-u.ac.jp (A. Hayashi).

The enhancement of the conductivity was brought by a
cipitation of a highly conductive crystal, which was ana
gous to thio-LISICON phase in the Li3+xP1−xGexS4 system
[5].

The addition of a small amount of ortho-oxosalts to
Li2S–SiS2 sulfide systems has been reported to improve
trical and thermal properties of glassy electrolytes[6,7].
Results of solid-state NMR and X-ray photoelectron s
troscopy suggested that these glasses mainly contained3
tetrahedral units with three non-bridging sulfur atoms a
bridging oxygen atom, which works as a weaker trap
lithium ions than a non-bridging oxygen atom. The incre
in the conductivity by adding oxides was also obse
in the mechanically milled Li2O–Li2S–P2S5 glasses; th
conductivity of the 7.5Li2O·67.5Li2S·25P2S5 (mol%) glass
exhibited the conductivity of 2.7× 10−4 S cm−1 at room tem
perature[8]. Thus, the addition of a small amount of oxid
to pure sulfide glasses is one of the effective ways to incr
ionic conductivity.

Recently, we have examined a combination of (i) the
cipitation of the high lithium ion conductive crystal and
378-7753/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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the addition of a small amount of oxides in order to in-
crease conductivities of solid electrolytes. The Li2S–P2S5
glasses and glass–ceramics with a small amount of Li2O or
P2O5 were prepared by the mechanical milling and their lo-
cal structure and lithium ion conductivity were investigated
[9]. These glasses and glass–ceramics contained POnS4−n

(n= 1–3) tetrahedral units, in which a phosphorus atom
was coordinated with both sulfur and oxygen atoms. The
Li2S–P2S5–P2O5 glass–ceramics exhibited lower activation
energies for conduction than the Li2S–P2S5 glass–ceramic
and maintained high conductivities. The precipitation of the
thio-LISICON analog was confirmed by XRD patterns of the
Li2S–P2S5–P2O5 glass–ceramics.

In the present study, the electrical and electrochemical
properties of the Li2S–P2S5–P2O5 glass–ceramics were in-
vestigated. An all-solid-state secondary battery with this
glass–ceramics was assembled and the performance of the
battery was characterized.

2. Experimental

Reagent-grade Li2S (Furuuchi Chem., 99.99%), P2S5
(Aldrich, 99%) and P2O5 (Aldrich, 99.99%) crystalline
powders were used as starting materials. The 80Li2S·
(20− x)P S ·xP O (mol%) glasses were prepared by using
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erence electrodes was also attached on the other face of the
pellet. The potential sweep was performed using a Solartron
1286 potentiostat at room temperature with a scanning rate
of 5 mV s−1.

An all-solid-state cell with the glass–ceramics as solid
electrolytes was assembled to evaluate the cell performance
as a lithium secondary battery. A positive electrode was
formed by mixing of the three powders of LiCoO2, the
glass–ceramic and vapor grown carbon fiber (VGCF) in a
weight ratio of 38:58:4. An indium foil was used as a nega-
tive electrode. These two electrodes and glass–ceramic pow-
der as an electrolyte were placed together in an insulator tube
(Φ = 10 mm), and then were pressed at 3700 kg cm−2. The
cell was charged and discharged under a constant current den-
sity of 64�A cm−2 at room temperature. All the processes
were performed in a dry Ar-filled glove box ([H2O] < 1 ppm).

3. Results and discussion

Fig. 1 shows composition dependences of the electrical
conductivity at 25◦C (σ25) and activation energy (Ea) for con-
duction of the 80Li2S·(20− x)P2S5·xP2O5 glass–ceramics.
Solid circles and triangles denoteσ25 andEa, respectively.
Changes inσ25 and Ea against the composition are not
monotonous. The glass–ceramic with 1 mol% PO retains
h
3 mic.
F
a s
a on-
t ght
a and
a
W he
8
( e
f t
o nt
r ics.

ur-
r V to

F -
t
g nd the
a

2 5 2 5
he mechanical milling technique. The Li2S content in thes
lasses was fixed to be 80 mol% because the 80Li2S·20P2S5
lass–ceramic exhibited the highest conductivity at r

emperature in the Li2S–P2S5 glass–ceramics[4]. A mixture
f the starting materials was loaded into an alumina p
5 mL volume with 10 alumina balls of 10 mm in diame
he pot was mounted in a planetary ball mill apparatus (F
ulverisette 7) and milled at a rotating speed of 370 rpm
0 h. The Li2S–P2S5–P2O5 glass–ceramics were prepared
heat treatment of the milled glasses at 230◦C, which was

igher than their crystallization temperatures[9].
The conductivities of the glass–ceramics were determ

or pellets obtained by a cold press of the glass–cera
nder 3700 kg cm−2; the diameter and thickness of the p

ets were 10 mm and about 1 mm, respectively. A ca
aste was painted as electrodes on both faces of the

etized glass–ceramics. The electrical conductivities wer
ained by AC impedance measurements using a Sola
260 impedance analyzer in a temperature range from◦C

o 230◦C and in a frequency range from 100 Hz to 15 M
C conductivities of the glass–ceramics were also exam
ithium foils as non-blocking electrodes or stainless-s
lates (SUS-316) as blocking electrodes were attach
oth faces of the pelletized glass–ceramics. The DC con

ivities were calculated from the current values obtaine
pplying a constant DC voltage of 1 V to the pellets at ro

emperature. The electrochemical stability of the pellet
lass–ceramics was investigated by cyclic voltammetr
tainless-steel as a working electrode plate was attach
ne face of the pellet. A lithium foil as counter and pseudo
2 5
igh σ25 of 7.4× 10−4 S cm−1 and exhibits lowerEa of
4 kJ mol−1 compared to the pure sulfide glass–cera
urther increasing P2O5 content results in decreasingσ25
nd increasingEa. We reported that the Li2S–SiS2 glasse
dded with a small amount of ortho-oxosalts mainly c

ained SiOS3 units, and such structural units probably brou
n increase of the conductivity at room temperature
decrease of the activation energy for conduction[7].
e confirmed from31P MAS-NMR measurements that t

0Li2S·19P2S5·1P2O5 glass–ceramic contained POnS4−n

n= 1–3) units. The presence of POnS4−n units might be on
actor of loweringEa and retaining highσ25. A small amoun
f P2O5 added to the Li2S–P2S5 system plays a significa
ole to migrate lithium ions smoothly in the glass–ceram

Fig. 2 shows DC conductivities calculated from the c
ent observed by applying a constant DC voltage of 1

ig. 1. Composition dependences of the conductivity at 25◦C and the ac
ivation energy for conduction of the 80Li2S·(20− x)P2S5·xP2O5 (mol%)
lass–ceramics. Solid circles and triangles denote the conductivity a
ctivation energy for conduction, respectively.
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Fig. 2. Conductivities calculated from the current obtained by apply-
ing a constant DC voltage of 1 V to the 80Li2S·(20− x)P2S5·xP2O5

glass–ceramics at room temperature for 1 h. Solid and dotted lines denote
the compositions ofx= 1 and 0, respectively.

the 80Li2S·(20− x)P2S5·xP2O5 glass–ceramics (x= 0 and 1)
at room temperature. Solid and dotted lines denotex= 1
and 0, respectively. When lithium metal foils were used
as non-blocking electrodes, the conductivities of the both
glass–ceramics retained constant current with time, and ex-
hibited almost the same conductivity of 3.0× 10−4 S cm−1.
These conductivities are good agreement with those calcu-
lated from resistances obtained by an AC impedance tech-
nique using stainless-steels (SUS) as blocking electrodes.
When stainless-steel electrodes were used, a large polar-
ization initially occurred, and then the current became al-
most constant. The conductivities of the glass–ceramics with
and without P2O5 after 3600 s are 7.0× 10−11 S cm−1 and
3.0× 10−10 S cm−1, respectively. The conductivity of the
glass–ceramic with P2O5 measured by the use of blocking
electrodes is about a half of magnitude lower than that of the
glass–ceramic without P2O5, suggesting that the addition of
a small amount of P2O5 leads to decrease the electronic con-
ductivity of the glass–ceramics. A self-discharge property of
batteries is expected to decline when the Li2S–P2S5–P2O5
glass–ceramics are applied to lithium secondary batteries.
The DC conductivities obtained using stainless-steel elec-
trodes are about six orders of magnitude lower than those
obtained using lithium electrodes in the glass–ceramics with
and without P2O5. Therefore, the electronic conductivity of
the glass–ceramics is at least six orders of magnitude lower
t ion
t lmost
u

2
g in a
p
t round
0 l to
− d 0 V
o
a a
p
c gni-
fi sso-

Fig. 3. Cyclic voltammograms of (a) the 80Li2S·20P2S5 glass–ceramic and
(b) the 80Li2S·19P2S5·1P2O5 glass–ceramic. The cyclic voltammetry was
performed at a scanning rate of 5 mV s−1.

lution. The voltammograms of those two glass–ceramics are
somewhat different. A very small anodic current compared to
the current due to the lithium dissolution reaction appears in
the potential range from 1.0 V to 3.0 V for the 80Li2S·20P2S5
glass–ceramic, while no obvious anodic current is observed
for the 80Li2S·19P2S5·1P2O5 glass–ceramic. Machida et al.
have reported a cyclic voltammogram of the 67Li2S·33P2S5
milled glass[10]. The 67Li2S·33P2S5 glass showed a small
anodic peak at around 2.1 V in its voltammogram and the
peak was attributed to an oxidation of free S2− ions. The ox-
idation of the free S2− ions, which would be present in the
glass–ceramics is one possibility of the anodic current for
the 80Li2S·20P2S5 glass–ceramic as shown inFig. 3(a). Al-
though the origin of the anodic current in the range from 1.0 V
to 3.0 V has not been clarified at the present stage, the addition
of a small amount of P2O5 to the Li2S–P2S5 sulfide system
enhances the electrochemical stability of the glass–ceramics.

Fig. 4shows charge and discharge curves of the all-solid-
state cell In/80Li2S·19P2S5·1P2O5 glass–ceramic/LiCoO2
cell. The charge and discharge measurements were carried
out under a constant current density of 64�A cm−2 at room

F Li
1 nts
w .
han the ionic conductivity, suggesting that the lithium
ransport number of the glass–ceramics proves to be a
nity.

Fig. 3 shows cyclic voltammograms of (a) the 80Li2S·
0P2S5 glass–ceramic and (b) the 80Li2S·19P2S5·1P2O5
lass–ceramic. The cyclic voltammetry was carried out
otential range from−0.10 V to +5.0 V versus Li+/Li. In both

he cases (a) and (b), a cathodic current is observed at a
V on a cathodic sweep from an open circuit potentia
0.10 V, and then an anodic current is observed at aroun
n an anodic sweep. The lithium deposition (Li+ + e− → Li)
nd lithium dissolution (Li→ Li+ + e−) reactions occur in
otential range from−0.1 V to +0.1 V versus Li+/Li in the
yclic voltammograms. Insets in this figure show the ma
ed voltammograms on the anodic sweep after lithium di
ig. 4. Charge and discharge curves of the all-solid-state cell In/802S·
9P2S5·1P2O5 glass–ceramic/LiCoO2. Electrochemical measureme
ere performed at the current density of 64�A cm−2 at room temperature
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temperature. The cell was charged up tox= 0.4 in Li1−xCoO2
(110 mAh g−1) and discharged to 2.0 V until the second cy-
cle, and then the charge–discharge cycles were repeated
between the maximum charge voltage at the second cycle
and 2.0 V after the third cycle. The first discharge capac-
ity is about 70 mAh g−1, which is smaller than the corre-
sponding charge capacity of 110 mAh g−1. At the second
cycle, the discharge capacity drastically increases to about
110 mAh g−1, which is as large as the charge capacity, and
the charge–discharge efficiency approaches to 100%. The
cell maintains the discharge capacity of about 100 mAh g−1

and charge–discharge efficiency of about 100% up to the
10th cycle. The charge–discharge behavior, such as poten-
tial plateaux and capacities of the cell, is quite similar to
that of the cell with the 80Li2S·20P2S5 glass–ceramic which
showed excellent cycleability for 200 cycles[11].

4. Conclusions

The effects of the addition of P2O5 on the electrical and
electrochemical properties of the Li2S–P2S5 glass–ceramics
were investigated. It was found that the Li2S–P2S5
glass–ceramics containing a small mount of P2O5 showed
some advantages as solid electrolytes for all-solid-state
lithium batteries. The 80Li2S·19P2S5·1P2O5 glass–ceramic
r
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trochemical stability of the glass–ceramics and lowered the
electronic conductivity. An all-solid-state In/LiCoO2 cell
using the 80Li2S·19P2S5·1P2O5 glass–ceramic as a solid
electrolyte worked as a lithium secondary battery at room
temperature. This cell exhibited similar charge–discharge be-
havior to that with the 80Li2S·20P2S5 glass–ceramic. The
Li2S–P2S5 glass–ceramics with a small amount of P2O5 are
promising solid electrolytes for all-solid-state lithium batter-
ies.
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