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Abstract

Novel inorganic/organic composites were constructed from highly conductive Li,S—SiS,-Li;SiO, oxysulfide glass and linear poly(ox-
yethylene)s (POEs) or high molecular weight branched POE without adding any lithium salts. The ionic conductivity of composites was
lower than that of the oxysulfide glass, but the mixing of glass powder into the POEs allowed the preparation of thin films. The composites
prepared from low molecular weight linear oligomeric POEs (M, = 600 and 1000) showed higher ionic conductivities than those from the
high molecular weight POEs (M, =4000 and 10000). Interestingly, the composite from the high molecular weight branched POE
(M, =1.3x10% showed ionic conductivity comparable with those from linear oligomeric POEs and afforded a flexible film form.

© 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The need for a completely solid-state rechargeable
battery with high voltage and high energy density is increas-
ing more and more from the viewpoint of saving energy and
affording mobile devices. In order to realize this type of
battery, the development of solid electrolyte with high
ionic conductivity is most urgent. However, solid electro-
Iytes with both practical high ionic conductivity at room
temperature (r.t.) and preferable processability are yet to
appear [1-4]. Thus, the objective of this study is a prepara-
tion of novel inorganic/organic composites with excellent
performance as a solid electrolyte. Highly lithium ion
conductive Li,S-SiS,-Li4SiO, oxysulfide glasses [5—11]
were chosen as the inorganic component of the composite.
Ionic conductivity of the bulk glasses was reported to be
~107% S/cm at r.t. [7,8,10,11]. Linear oligomeric poly(oxy-
ethylene)s (POEs) and high molecular weight branched
POE were used as matrices for the preparation of the
composites in this study. High molecular weight linear
POE is crystalline, which is not good as a matrix for ionic
conduction in general, whereas the high molecular weight
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branched POE was found to be much less crystalline and
hence better as an ion-conducting matrix [12—16].

Till now, several studies were published on the ionic
conductivity of the composites prepared from POEs and
ion conductive inorganic glasses [17] or crystalline materi-
als [18]. However, characteristics of the composites
prepared from Li,S—SiS,—-Li;SiO4 oxysulfide glass and
POE have not been investigated, although Li,S—SiS,—
Li,Si0O,4 oxysulfide glass shows a high lithium conductivity
atr.t., a high glass stability against crystallization and a wide
electrochemical window [7,8]. In this communication, the
preliminary results on 95(0.6Li,S-0.4SiS,)-5Li,SiO, oxy-
sulfide glass/POE composites are reported.

2. Experimental

95(0.6L1,S-0.45iS,)-5Li,Si0, oxysulfide glass was prepared
from crystalline LiySiO, and reagent-grade Li,S and SiS,
using a twin-roller quenching technique [7,8]. The obtained
glass was ground for 1 h by a planetary ball mill. The
preparation of the glass was carried out in a glove box
under dry nitrogen atmosphere ([H,O] <1 ppm). The
diameter of the powder glass was ca. 1-15 pum according
to scanning electron micrography. The structural unit
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expected to be mainly present in 95(0.6Li,S-0.4SiS,)-5Li,.
SiO, oxysulfide glass is illustrated in Fig. 1 [11]. Linear
POEs, whose molecular weights were 600, 1000, 4000
and 10000, were Aldrich commercial products and are
abbreviated as POE-600, POE-1000, POE-4000 and POE-
10000, respectively. A high molecular weight branched POE
with 19 mol% copolymer units of branching, abbreviated as
TEC-19 (see Fig. 1), was synthesized by coordination poly-
merization of ethylene oxide with 1,2-epoxy-4,7,10,13-
tetraoxatetradecane using a catalyst of condensation product
of dibutyltin oxide and tributylphosphate (1/2) at r.t. [19].
The weight-average molecular weight (M), the number-
average molecular weight (M) and the index of poly-
dispersity (M/M,) of TEC-19 were evaluated to be
8.0 x 10%, 1.3 x 10° and 6.3 by size exclusion chromatogra-
phy (SEC) using polystyrene standards, respectively. The
SEC measurement was carried out using N,N-dimethylfor-
mamide with 0.1 mmol/ILiBr at 60°C. The polymers were
dried at 80°C under high vacuum over a week before
mixing. At 80°C for 2 h, the glass powder and polymer
were mixed for the composites, the ratio of which was
glass/polymer = ca. 1 (v/v). The composite was put into
the Teflon® ring spacer (10 mm in outer diameter, 6 mm
in inner diameter and 1 mm in thickness) for an electroche-
mical measurement. The operations were conducted in a
glove  box under dry nitrogen  atmosphere
([HO] <1 ppm). Ionic conductivity was determined by
complex impedance measurement with blocking electrodes
using a Solartron SI 1260 impedance analyzer at a
controlled temperature. An alternating current over the
frequency range 1-10 MHz was used, and the applied
voltage was 0.1 V. The measurement was carried out
under dry nitrogen atmosphere ([H,O] < 1 ppm) from r.t.
to 100°C. Differential scanning calorimetry (DSC) at
—100 to 80°C and differential thermal analysis (DTA) at
r.t.—200°C were cyclically conducted by Rigaku DSC
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Fig. 1. Main structural unit expected to be present in the oxysulfide glass
and chemical structure of TEC-19.

8230B and Rigaku thermal analyzer thermo-plus 8110
under nitrogen at heating and cooling rates of ca. 10°C/min.

3. Results and discussion

Fig. 2 shows the observed ionic conductivities as a func-
tion of temperature for the composites composed of
95(0.6Li,S-0.4SiS,)-5Li,S10, oxysulfide glass and linear
and branched POEs. Ionic conductivity of the powder pellet
from 95(0.6L1,S-0.4SiS,)-5L1,Si0, oxysulfide glass [11] is
included in this figure. The ionic conductivities of the
composites were lower than that of the glass. However, it
is to be noted that the concentration of lithium in the com-
posites was lower compared with that in the glass. It is also
noteworthy that no ionic salts such as lithium perchlorate
were mixed in the composites. It means that a lithium cation
in the glass illustrated in Fig. 1 may be the only carrier in
these systems.

It was observed that the composites prepared from POE-
600 and POE-1000 showed similar ionic conductivities,
which were higher than those of the composites from
POE-4000 and POE-10000. The composites from POE-
4000 and POE-10000 did not give fully reproducible results
below ca. 70°C due to the presence of many crystalline
regions and probably unstable state of interfaces between
the electrodes and the composite. On the other hand, the
ionic conductivity of oxysulfide glass/TEC-19 composite,
which was prepared from the high molecular weight
branched POE as a matrix, was higher than those of the
oxysulfide glass/POE-4000 and oxysulfide glass/POE-
10000 composites, and comparable with those of the
composites prepared from POE-600 and POE-1000. The
ionic conductivities of the oxysulfide glass/TEC-19 composite
were 3.3 X 107° S/cm at 31°C and 2.5 X 10> S/cm at 75°C
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Fig. 2. Arrhenius plots of ionic conductivities for powder pellet of oxysul-
fide glass, oxysulfide glass/linear POE composites and oxysulfide glass/
TEC-19 composite.
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without adding any inorganic salts. The tri(oxyethylene) side
chains prevented the oxyethylene segments of TEC-19 from
crystallization, although the molecular weight of TEC-19
was very high (M,, = 8.0 X 10°, M, = 1.3 X 10°). Addition-
ally, the tri(oxyethylene) side chains were effective for plas-
ticizing matrix to result in decreasing its glass transition
temperature. DSC results showed that the glass transition
temperature of TEC-19 was —68.3°C and the melting
temperature and its heat of fusion were 45.2°C and
0.25 cal/g, respectively, whereas those of linear POE,
whose molecular weight was 9 X 10° , were —58.5, 65.4°C
and 39 cal/g, respectively [13]. The effect of branched
oxyethylene chains on the ionic conductivity was also
reported in POE networks [20,21]. However, no-crosslinked
high molecular weight POE was more preferred for proces-
sing of the inorganic/organic composite, because the
mechanical mixing was available in this case. Therefore,
the characteristics of TEC-19 are concluded to be very
attractive as a matrix for high conductive composites with
glasses. High molecular weight branched POEs with mono(-
oxyethylene) or di(oxyethylene) side chains [13,14] are also
expected to be good matrices.

In the Arrhenius plots shown in Fig. 2, the temperature
dependence of ionic conductivity for the powder pellet of
glass gave a linear plot, whereas the experimental points of
ionic conductivity for the inorganic/organic composites
seem to be convexly curved profiles rather than straight
lines. They may be expressed by the Williams—Landel—
Ferry (WLF) equation [22] or Vogel-Tamman—Fulcher
(VTF) [23-25] equation at least semiquantitatively. This
observation suggests that the segmental motion of oxy-
ethylene units influences the diffusion of lithium cation in
the glass/POE composites. The details about the ion trans-
portation in the glass/POE composites will be discussed
elsewhere.

Moreover, the composites were mechanically flexible and
tough and should be easily fabricated. Accordingly, the high
molecular weight polymer is preferable from the viewpoint
of mechanical properties and processing of solid materials.
The oxysulfide glass/TEC-19 composite also showed a good
stability to lithium metal as illustrated in Fig. 3, where the
melting and solidification of lithium metal were reversibly
observed when the mixture of composite electrolyte and
several pieces of lithium metal was subjected to the cycle
of heating and cooling three times. This suggests that the
oxysulfide glass/TEC-19 composite was stable against
metallic lithium in a wide temperature range up to 200°C.

In conclusion, inorganic/organic composites were prepared
from powder pellet of 95(0.6Li,S-0.4SiS,)-5Li4Si0O, oxy-
sulfide glass and linear and branched POEs. The composites
composed of the oxysulfide glass and POE-600 and POE-
1000 displayed the ionic conductivity in order of 10® S/cm
at r.t., but were not completely solid-like. The composite
from the oxysulfide glass and TEC-19 showed the ionic
conductivity comparable with those from POE-600 and
POE-1000, and afforded a flexible solid film form at r.t.
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Fig. 3. DTA curves of oxysulfide glass/TEC-19 composite mixed with
lithium metal: 1st (—), 2nd (- - - =) and 3rd (- - -).

Therefore, the high molecular weight branched POE with
oxyethylene units as side segments is expected to be a good
matrix of solid electrolyte for high ionic conduction. The
variations in particle size of the glass and in composition of
the composite may increase the ionic conductivity of this
new inorganic/organic solid electrolyte. The results will be
reported in the near future.
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