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TITLE OF THE INVENTION

Hybrid polymeric electrolyte and non-agqueocus
electrochemical device comprising the same

BACKGROUND OF THE INVENTION

Field of the invention

The present invention relateé to a novel polymeric
electrolyte and an electrochemical device comprising
the same. More particularly, the present invention is
concerned with a novel hybrid polymeric electrolyte
which is formed of a closed-cell cellﬁlar polymer foam
impregnated with a non-aqueous electrolytic liquid and
which comprises a plurality of closed cells defined by
cell walls constituting a continuous solid-phase matrix
impregnated with the non-aqueous electrolytic liquid to
form a continuous solid-phase domain, wherein each of
the pluraiity of closéd cells is substantially filled
with a non-aqueous electrolytic liguid to form a plu-
rality of liquid phase domains which are dispersed in
the above-mentioned continuous solid-phase domain. . The
present invention is also concerned with a non-agueous
electrochemical device, such as a non-agueous battery
or parts for a battery (e.g., an electrode), which
comprises the above-mentioned hybrid polymeric electro-
lyte. The hybrid polymeric electrolyte of the present

invention has not only high ionic conductivity and high
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mechanical strength, but also has the ability to prev-
ent the non-aqueous electrolytic liquid contained
therein from leakage, so that the electrolyte of the
present invention can be advantageously used in various
non-aqueous electrochemical devices. That is, the non-
aqueous electrochemical device comprising the hybrid
polymeric electrolyte of the present invention exhibits
not only excellent electrochemical performance, but
also has high ability to retain an electrolytic liquid
therein, so that the electrochemical &evice-has excel-
lent safety and high reliability in practical use
thereof.
Prior Art

Recéntly, for reducing the size and weight of
portable equipment, such as pocket telephones and
personal computers, it has been demanded to provide a
battery having high energy density. As a battery for
meeting sucﬁ a demand, lithium batteries have been
developed and cémmercially produced. These lithium.
batteries are wet type batteries which contain a porous
polyolefin separator having through-holes, wherein the
pores of the separator are filled with a non-agueous
electrolytic solution which is used as a medium for
traﬁsporting ions between the positive and negative

electrodes. However, wet type batteries have problems
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in that a leakage of the non-agqueous electrolytic
solution is likely to occur and it is difficult to
realize 1light weight batteries.

By contrast, solid type batteries produced using a
solid electrolyte are free from a leakage of an elec-
trolytic solution, differing from the above-mentioned
wet type batteries using a non-aqueous electrolytic
solution as such. Therefore, it is expected that a
solid electrolyte not only provides a battery having
improved reliability and safety, but is also advanta-
geous in that both the lamination of a solid electro-
lyte with electrodes, and the packaging of the result-
ant laminate to form a battery can be easily performed,
and the thickness and weight of a battery can be re-
duced. As materials for such a solid electrolyte, ion-
conductive ceramics and polymeric solid electrolytes
have been proposed. Of these materials, the ion~con-
ductive ceramic is disadvantageous in that a ceramic is
brittle, so that it is difficult to produce a laminate
structure of a ceramic with electrodes. By contrast,
the polymeric solid electrolyte inherently has good
workability and flexibility, so that the polymeric
solid electrolyte is advantageous in that when it is
used in an electrochemical device, such as a battery,

it is easy to produce a laminate structure of the
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polymeric solid electrolyte with electrodes, and also

the polymeric solid electrolyte is capable of allowing
the configuration of its interface with the electrodes
to change in accordance with the volumetric change of

the electrodes caused by the occlusioh and release of

ions by the electrodes.

As such a polymeric solid electrolyte, an alkali
metal salt complex of polyethylene oxide was proposed
by Wright in British Polymer Journal, vol.7, p.319
(1975). Since then, researches on vafious materials
for polymeric solid electrolytes have been energetical-
ly conducted. Examples of such materials include poly-
alkylene ethers, such as polyethylene glycol and poly-
propylené oxide, polyacrylonitrile, polyphosphazene,
polyvinylidene fluoride and polysiloxane.

Generally, these polymeric solid electrolytes are
provided in the form of solid solutions of an electro-
lyte and a polymer, and are known as dry type polymeric
electrolytes. Further, gelled polymeric solid electro-
lytes are known which are obtained by incorporating an
electrolyte and a solvent for the electrolyte into a
polymer matrix, wherein the solvent is intended for
increasing the dissociation of the electrolyte and
promoting the molecular movement of the polymer (see,

for example, Japanese Patent Application Laid-Open
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Specification No.56-143356). As a method for introduc-
ing an electrolyte and a solvent for the electrolyte
into a polymer matrix, there have been known, for
example, a method in which a uniform solution of a
polymer, an electrolyte and a solvent for the electro-
lyte is cast into a film (see, for example, U.S.Patent
No.5,296,318), and a method iﬁ which a mixture of a
polymer and a plasticizer is cast into a film; the
plasticizer is extracted from the film to obtain a
polymer matrix, and the polymer matri# is impregnated

with an electrolytic solution obtained by dissolving an

' electrolyte in a solvent for the electrolyte, or,

alternatively, after the casting of the film, the
plasticizer in the film is replaced by an electrolytic
solution. In the latter method, the use of the plasti-
cizer in addition to the solvent for the electrolyte is
intended to facilitate the swelling of the polymer.
The polymer used for.production of the above-
mentioned gelled polymeric solid electrolyte is a
polymer which can easily form a uniform solution with
an electrolyte and a solvent therefor. Therefore, for
example, when a vinylidene fluoride polymer is used as
the polymer, the obtained gelled polymeric solid elec-
trolyte easily melts at 85 °C to 110 °C to exhibit

flowability, so that there is a danger that a battery
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using such a gelled polymeric solid electrolyte suffers
short circuiting at high temperatures, thus posing a
safety problem. For solving this problem, a hybrid
polymeric electrolyte has been proposed which is ob-
tained by a method in which a mixture of a polymer, a
plasticizer and a polymerizable vinyl monomer is cast
into a f£ilm; the polymerizable vinyl monomer is cross-
linked; the plasticizer is extracted from the film to
obtain a polymer matrix; and the polymer matrix is
impregnated with an electrolytic solufion ({see
U.S.Patent No.5,429,891). However, this method is
disadvantageous not only in that the practice of this
method is cumbersome, but also in that the polymeriz-
able vinyl monomer is electrochemically unstable, and
the plasticizer and the polymerizable vinyl monomer are
susceptive to side reactions at the time of the cross-
linking. Therefore, this hybrid polymeric electrolyte
cannot be practically used for a battery.

As polymeric solid electrolytes having improved
mechanical strength, there have been proposed a com-
posite polymeric solid electrolyte obtained by intro-
ducing an ion-conductive polymer, such as polyethylene
oxide, into a porous olefin polymer having through-
holes (Japanese Patent Application Laid-Open Specifica-

tion No.63-102104); a polymeric solid electrolyte
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obtained by casting into a film a mixture of an ion-
conductive polymer latex and an ion non-conductive
polymer latex (Jépanese Patent Application Laid-Open
Specification No.4-325990); and a polymeric solid
electrolyte having a structure such that ceramic parti-
cles are dispersed in a polymer (Japanese Patent Appli-
cation Laid-Open Specification No.2-276164).

On the other hand, a miniature battery using, as a
separator, a polyurethane foam porous material has been
proposed (German Democratic Republic fatent-No.241159).
However, the separator illustratively disclosed in this
prior art is a separator having through-holes. Fur-
ther, since the separator has a urethane linkage, the
separator has a problem in that it is electrochemically
unstable. Also, a primary battery using as an electro-
lyte a sulfonated polystyrene foam has been proposed
(Japanese Patent Application Laid-Open Specification
No.2-94261). However, a sulfonated polystyrene foam
has problems in that it is difficult to impregnate it
with a non-aqueous electrolytic solution, and that a
sulfonated polystyrene has water absorptivity and it is
difficult to remove water therefrom, so that a sulfo-
nated polystyrene cannot be used for a non-aqueous
battery.

These polymeric solid electrolytes have a problem
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in that the ion-conductivity of them is small as com-
pared to that of an electrolytic liquid. Therefore, a
battery produced using such a polymeric solid electro-
lyte has defects such that it has low charge/discharge
current density and has high resistance. For this
reason, development of a polymeric solid electrolyte
having high ion-conductivity has been desired. The
ion-conductivity of a dry type polymeric solid electro-
lyte, such as a solid solution of an electrolyte and
polyethylene oxide, is very low, so tﬁat, when a bat-
tery using such a dry type polymeric solid electrolyte
is operated at room temperature, the current density
obtained is limited to an extremely low level. Fur-
ther, a gelled polymeric solid electrolyte containing a
plasticizer has high ion-conductivity as compared to a
dry type polymeric solid electrolyte. However, when
the amount of the plasticize; is increased in order to
increase the ion conductivity, problems arise such that
the mechanical strength becomes low and it becomes
difficult to control the thickness of the polymeric
solid electrolyte.

On the other hand, with respect to the lithium ion
secondary battery currentily in use, which contains a
porous polyolefin separator wherein the pores of the

separator are filled with an electrolytic solution
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(see, for example, Examined Japanese Patent Application
Publication No. 59-37292), there is a problem in that a
polyolefin has extremely low ion permeability, so that
the ion conductivity of the polyolefin separator
(having pores simply filled with an electrolytic solu-
tion) is low as compared to that of the electrolytic
solution. Further, since the electrolytic solution
filled in the pores of the polyolefin separator can
easily flow out of the separator, it is necessary to
package the battery structure in a very strong metallic

casing having a large thickness.

SUMMARY OF THE INVENTION

The-present inventors have made extensive and
intensive studies to develop a polymeric electrolyte
material which is free of the above-mentioned problems
accompanying the conventional techniques, and which not
only has a high ionic conductivity which is close to
the ionic conductivity of a non-aqueous electrolytic
solution per se, but alsoc high processability and
various excellent properties, such as high flexibility
and mechanical strength. As a result, it has unexpect-
edly been found that when a closed-cell cellular polym-
er foam is impregnated with a non-aqueous electrolytic

liquid, it becomes possible to obtain a hybrid
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structure, in which a polymer matrix constituted by
cell walls defining a plurality of closed cells of the
polymer foam is impregnated with the non-agqueous elec-
trolytic liquid to form a continuous solid-phase do-
main, and in which the plurality of closed cells are
substantially filled with the non-aqueous electrolytic
liquid to form a plurality of liquid-phase domains
which are dispersed in the above-mentioned continuous
solid-phase domain, and that the above-mentioned hybrid
structure can be advantageously used és an excellent
solid electrolyte in a non-aqueous electrochemical
device, which not only is capable of exhibiting high
ionic conductivity and preventing the non-aqueous
electrolytic liquid from leakage, but also exhibits
high mechanical strength even when the hybrid structure
contains a non-aqueous electrolytic liquid in a large
amount.

Accordingly, it is a primary object of the present
invention to provide a hybrid polymeric electrolyte .
which not only has high ionic conductivity, but also is
capable of preventing the non-aqueous electrolytic
1iquid from leakage;

It is another object of the present invention to
provide an advantageous method for producing a hybrid

polymeric electrolyte having the above-mentioned advan-
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tageous features.

It is a further object of the present invention to
provide a non-aqueous electrochemical device, such as a
non-aqueous battery or parts for a battery (e.g., an
electrode), which comprises a hybrid polymeric electro-
lyte having the above-mentioned advantageous features.

The foregoing and other objects, features and
advantages of the present invention will be apparent
from the following detailed description and appended
claims. | |

DETAILED DESCRIPTION OF THE PRESENT INVENTION

Essentially, according to the present invention,
there is provided a hybrid polymeric electrolyte formed
of a closed-cell cellular polymer foam impregnated with
an electrolytic liquid, comprising: .

a plurality of closed cells defined by cell walls
constituting a continuous solid-phase domain for the
hybrid polymeric electrolyte,

the continuous solid-phase domain comprising a.
continuous solid polymer matrix impregnated with a non-
aqueous electrolytic liquid selected from the group
consisting of a solution of an electrolyte in a non-
agqueous solvent and a liquid electrolyte,

each of the plurality of closed cells being sub-

stantially filled with the non-aqueous electrolytic
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liquid to form a plurality of liquid-phase domains for
the hybrid polymeric electrolyte which are dispersed in
the continuous solid-phase domain.

For an easy understanding of the present inven-
tion, the essential features and various preferred
embodiments of the present invention are enumerated
below.

1. A hybrid polymeric electrolyte formed of a closed-
cell cellular polymer foam impregnated with an electro-
lytic liquid, comprising: |

a plurality of closed cells defined by cell walls
constituting a continuous solid-phase domain for the
hybrid polymeric electrolyte,

the continuous solid-phase domain comprising a
continuous solid polymer matrix impregnated with a non-
aqueous electrolytic liquid selected from the group
consisting of a solution of an electrolyte in a non-
aqueous solvent and a liquid electrolyte,

each of the plurality of closed cells being sub-
stantially filled with the non-aqueous electrolytic
liquid to form a plurality of liquid-phase domains for
the hybrid polymeric electrolyte which are dispersed in
the continuous solid-phase domain.

2. The hybrid polymeric electrolyte according to item

1 above, wherein the plurality of liquid-phase domains
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comprise major liquid-phase domains each having a size
of 2 pm or more in terms of the average value of the
long axis and short axis of each liquid-phase domain,
the major liquid-phase domains being present in an
amount of from 5 to 95 % by volume, based on the entire
volume of the hybrid polymeric electrolyte, and wherein
the major liquid-phase domains contain effective lig-
uid-phase domains having a size of from 2 to 50 pm in
terms of the average value as defined above, the effec-
tive liquid-phase domains being preseht in an -amount of
60 % or more by volume, based on the total volume of
the major liquid-phase domains.

3. The hybrid polymeric electrolyte according to item
1 or 2 above, which has an ionic conductivity of at
least 1 x 10~° S/cm and which is substantially insus-
ceptive to oxidation and reduction at an electric
potential in the range of from 1 to 3 V as measured
relative to a reference electrode of metallic lithium.
4. The hybrid polymeric electrolyte according to any
one of items 1 to 3 above, wherein the continuous solid
polymer matrix is free of an ionic group and migrating
hydrogen.

5. The hybrid polymeric electrolyte according to any
one of items 1 to 4 above, wherein the continuous

polymer matrix comprises a vinylidene'fluoride polymer.
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6. The hybrid polymeric electrolyte according to any
one of items 1 to 5 above, wherein the non-aqueous
electrolytic liquid is contained in an amount in the
range of from 10 to 98 % by weight, based on the weight
of the hybrid polymeric electrolyte.

7. The hybrid polymeric electrolyte according to any
one of items 1 to 6 above, wherein the continuous solid

polymer matrix comprises a crosslinked polymer segment

having a crosslinked structure.

8. The hybrid polymeric electrolyte-according to item
7 above, wherein the crosslinked structure of the
crosslinked polymer segment is formed by electron beam
irradiation.

9. The hybrid polymeric electrolyte according to item
7 or 8 aboée, wherein the continuous solid polymer
matrix further comprises a non-crosslinked polymer
segment, and wherein the weight ratio of the cross-
linked polymer segment to the total weight of the
crosslinked polymer segment and the non-crosslinked
polymer segment is in the range of from 0.2 to 0.8.

10. The hybrid polymeric electrolyte according to any
one of items 1 to 9 above, wherein the non-aqueous
electrolytic liquid is a solution of an electrolyte in
a non-aqueous solvent.

11. The hybrid polymeric electrolyte according to item



10

i5

20

25

15

10 above, wherein the electrolyte is a lithium salt.
12. The hybrid polymeric electrolyte according to item
10 or 11 above, wherein the non-aqueocus solvent com-
prises at least one compound selected from the group
consisting of a carbonate compound and an ester com-
pound.

13. The hybrid polymeric electrolyte according to any
one of items 1 to 12 above, which is in the form of a
sheet having a thickness of from 5 to 500 um.

14. A method for producing a hybrid polymeric electro-
lyte according to item 1 above, comprising impregnating
a closed-cell cellular polymer foam with a non-aqueous
electrolytic liquid selected from the group consisting
of a solution of an electrolyte in a non-aqueous sol-
vent and a liquid electrolyte, the polymer foam having
a plurality of closed cells defined by cell walls
constituting a continuous solid polymer matrix of the
polymer foam.

15. The method according to item 14 above, wherein.the
amount of the plurality of closed cells of the polymer
foam is in the range of from 5 to 98 % by volume, based
on the entire volume of the polymer foam.

16. The method according to item 15 above, wherein the
plurality of closed cells comprise first and second

fractions of closed cells, respectively, having a size
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of from 1 to 50 pym and a size of larger than 50 pm,
each in terms of the average value of the long axis and
short axis of each closed cell and wherein the first
and second fractions of closed cells are, respectively,
present in an amount of 60 % or more by volume and in
an amount of less than 40 % by volume, each based on
the total volume of the plurality of closed cells.

17. The method according to any one of items 14 to 16
above, wherein the impregnation of the polymer foam
with the non-aqueous electrolytic 1iqﬁid is conducted
at a temperature of from 35 to 200 °C.

18. The method according to any one of items 14 to 17
above, wherein the non-aqueous electrolytic liquid
further comprises a swelling agent, and which further
comprises removing at least a part of the swelling
agenf after the impregnation of the polymer foam with
the non-aqueous electrolytic liquid.

19. The method according to any one of items 14 to 18
above, wherein the non-aqueous electrolytic liquid is
used in an amount such that the produced hybrid poly-
meric electrolyte has an ionic conductivity of at least
1.0 x 1074 S/cm, and that the surface area of the
produced electrolyte becomes 50 to 200 %, relative to
the surface area of the polymer foam prior to the

impregnation with the non-aqueous electrolytic liguid.
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20. The method accdrding to any one of items 14 to 19
above, wherein the polymer foam has at least one con-
struction selected from a cbnstruction in which the
polymer foam comprises a crosslinked polymer segment
having a crosslinked structure formed by electron beam
irradiation, and a construction in which the polymer
foam is in a stretched form.

21. A non-aqueous electrochemical device comprising at
least two electrodes, and a hybrid polymeric electro-
lyte according to any one of items 1 fo 13 above,
wherein the at least two electrodes are disposed
through the hybrid polymeric electrolyte.

22. An electrode comprising a particulate electrode
material and a binder comprising a closed-cell cellular
polymer foam comprising a plurality of closed cells
defined by cell walls constituting a continuous solid
polymer matrix of the polymer foam.

23. The electrode according to item 22 above, which is
impregnated with a non-aqueous electrolytic liquid
selected from the group consisting of a solution of an
electrolyte in a non-aqueous solvent and a liquid
electrolyte.

24. A method for producing an electrode according to
item 22 above, comprising molding a mixture of a par-

ticulate electrode material and a particulate closed-
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cell cellular polymer foam comprising a plurality of
closed cells defined by cell walls constituting a
continuous solid polymer matrix of the polymer foam.
25. A method for producing an electrode according to
item 22 above, comprising molding a mixture of a par-
ticulate electrode material and a polymer to obtain a
molded product, and foaming the polymer in the molded
product.

26. A non-agqueous electrochemical device comprising an
electrode according to item 23 above..

27. The non-agqueous electrochemical device according
to item 21 above, which is a lithium battery.

28. The non-agqueous electrochemical device according
to item 26 above, which is a lithium battery.

As mentioned above, the hybrid polymeric electro-
lyte of the present invention is formed of a closed-
cell ce;lular polymer foam impregnated with an electro-
lytic liquid and has a hybrid structure which comprises
a plurality of closed cells defined by cell walls
constituting a continuous solid-phase domain, in which
the plurality of closed cells are substantially filled
with a non-aqueous electrolytic liquid to form a plu-
rality of liquid phase domains which are dispersed in
the above-mentioned continuous solid-phase domain, and

in which the above-mentioned continuous solid-phase
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domain is impregnated with the non-agueous electrolytic
liquid.

In the hybrid polymeric electrolyte of the present
invention, it is preferred that the above-mentioned
plurality of ligquid-phase domains comprise major lig-
uid-phase domains each having a size of 2 ym or more in
terms of the average value of the long axis and short
axis of each liquid-phase domain (hereinafter, fre-
quently referred to simply as "the average value"), the
major liquid-phase domains being present in -an amount
of from 5 to 95 % by volume, based on the entire volume
of the hybrid polymeric electrolyte, and wherein the
major liquid-phase domains contain effective liquid-
phase domains having a size of from 2 to 50 pm in terms
of the average value, the effective liquid-phase do-
mains being present in an amount of 60 % or more by
volume, based on the total volume of the major liquid-
phase domains.

In the present invention, the volume percentage of
the liquid-phase domains of the hybrid polymeric elec-
trolyte is evaluated by the examination of the struc-
ture of cross-sections of the hybrid polymeric electro-
lyte. Specifically, a sheet of hybrid polymeric elec-
trolyte is frozen with liquid nitrogen, and cut with a

microtome, a razor or the like along three planes (X-2Z
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plane, ¥Y-Z plane and X-Y plane of the X, Y, Z coordi-
nates wherein the X-Z plane and Y-Z plane are taken
along a thicknesswise direction of the sheet) which are
perpendicular to one another, to obtain a sample having
first, second and third cross-sections corresponding,
respectively, to the X-Z, ¥-Z and X-Y planes. Each of
the first, second and third cross-sections of the
sample is examined by an optical microscope. With
respect to each of the first, second and third cross-
sections of the sample, cross—sectioné of liquid-phase
domains, which are dispersed in the continuous solid-
phase domain, are examined to determine the percentages
of the total areas of cross-sections of the liquid-
phase domains, based on the area of each cross-section
of the sample. [In this instance, among the liquid-
phase domains appearing in each cross-section of the
sample, only those liquid-phase domains each having a
size (average size) of 2 um or more in terms of the
average value of the long axis and short axis of each
liquid-phase domain, are measured.] The average of the
percentages of the respective total areas of cross-
sections of the liquid-phase domains, obtained with
respect to the first, second and third cross-sections
of the sample, is calculated and taken as the volume

percentage of the liguid-phase domains of the hybrid
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polymeric electrolyte. In the present invention, the
volume of a liquid—phase domain communicating with the
surface of the hybrid polymeric electrolyte is not
included in the total volume of the liquid-phase do-
mains. As apparatuses usable for examining liquid-
phase domains, there may be mentioned optical micro-
scopes, such as a metallurgical microscope and a laser
microscope; a differential pressure electron micro-
scope; an ultrasonic microscope; and an X-ray CT. Of
these, by using an ultrasonic microscope or an X-ray
CT, examination of a sample can be performed without
exposing a cross-section of the sample.

When the amount of the major liquid-phase domains
each having an average size of 2 ym or more is less
than 5 % by volume, based on the entire volume of the
hybrid polymeric electrolyte, the ionic conductivity
becomes low. On the other hand, when the amount of the
major liquid-phase domains each having an average size
of 2 ym or more is larger than 95 % by volume, based on
the entire volume of the hybrid polymeric electrolyte,
the mechanical strength of the hybrid polymeric elec-
trolyte becomes low. It is more preferred that the
volume percentage of the major liquid-phase domains be
from 10 to 90 %, based on the entire volume of the

hybrid polymeric electrolyte.
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Further, as mentioned above, it is preferred that
the amount of the major liquid-phase domains each
having an average size of more than 50 pm be less than
40 % by volume, based on the total volume of the major
liquid-phase domains. It is more preferred that the
amount of the major liquid-phase domains each having an
average size of more than 50 ym be less than 30 % by
volume, still more preferably less than 20 % by volume,
based on the total volume of the major liquid-phase
domains. When the amount of the majof liquid-~phase
domains each having an average size of more than 50 pm
is 40 % by volume or more, based on the total volume of
the major liquid-phase domains, since the flow of ions
is large at portions of the hybrid polymeric electro-
lyte where a large number of large liquid-phase domains
are present, non-uniformity is produced in the flow of
ions within the hybrid polymeric electrolyte, so that
when the hybrid polymeric electrolyte is used for a
battery, problems tend to arise such that local over-
charge or overdischarge occurs at the time of charge or
discharge. In addition, when the amount of the major
liguid-phase domains each having an average size of
more than 50 ym is 40 % by volume or more, based on the
total volume of the major liguid-phase domains, possi-

bilities arise such that the mechanical strength of the
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hybrid polymeric electrolyte becomes low and distortion
occurs.

In the present invention, liquid-phase domains
having an average size of less than 2 pm are regarded
as the electrolytic liquid impregnated in the continu-
ous solid polymer matrix.

Important liquid-phase domains in the hybrid
polymeric electrolyte pf the.present invention are
closed liquid-phase domains not communicating with the
surface of the hybrid polymeric electfolyte; -The
hybrid polymeric electrolyte may contain liquid-phase
domains opening on the surface of the hybrid polymeric
electrolyte, and liquid-phase domains constituting
through-holes. However, it is preferred that the total
volume of the liquid-phase domains opening on the
surface of the hybrid polymeric electrolyte and the
liquid-phase domains constituting through-holes be less
than § %, based on the entire volume of the hybrid
polymeric electrolyte. It is especially preferred to
reduce the total volume of liquid-phase domains consti-
tuting through-holes to a level as low as possible.
When the hybrid polymeric electrolyte contains liquid-
phase domains constituting through-holes, leakage of
the non-aqueous electrolytic liquid is likely to occur.

For selecting a desired hybrid polymeric electro-
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lyte in which the volume of through-holes is small,
there can be employed the following method; with re-
spect to a polymeric electrolyte in the form of a
sheet, the volume of through-holes in the polymeric
electrolyte sheet is evaluated in terms of the water
permeability as an evaluation criterion, which is
generally used for evaluating the permeability of
filter materials. Illustratively stated, a hybrid
polymeric electrolyte sheet containing an electrolytic
liquid is first immersed in ethanol to extract the
electrolytic liquid from the sheet and replace the
electrolytic liquid by the ethanol, and then immersed
in water to replace the ethanol in the open cells
(which communicate with the surface of the sheet) by
water. Subsequently, the resultant sheet is held by a
membrane holder and a water pressure is applied to the
surface of one side of the sheet held by the membrane
holder to permeate the watef through the sheet, and the
amount of the water permeated through the sheet is
measured. In the hybrid polymeric electrolyte of the
present invention, it is preferred that the amount of
the water permeated through the sheet be 10
liters/mz-hr-atm or less as measured by the above-
mentioned method, wherein the sheet used is one which

has been immersed in ethanol for 4 hours and in water
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for 1 hour successively.

In the hybrid polymeric electrolyte of the present
invention, it is preferred that the non-aqueous elec-
trolytic liquid be contained in an amount in the range
of from 10 to 98 % by weight, more preferably from 15
to 95 £ by weight, based on the weight of the hybrid
polymeric electrolyte. When the content of the non-
aqueous electrolytic liquid in the hybrid polymeric
electrolyte is less than 10 % by weight, the ionic
conductivity of the hyﬁrid polymeric electrolyte be-
comes too low. On the other hand, when the content of
the non-aqueous electrolytic liquid in the hybrid
polymeric electrolyte is more than‘98 % by weight, the
mechanical strength of the hybrid polymeric electrolyte
becomes too low.

The content of the non-aqueous electrolytic liquid
in the hybrid polymeric electrolyte of the present
invention can be determined from the weight (P) of the
polymer foam prior to the impregnation of the non-
aqueous electrolytic liquid and the weight (E) of the
hybrid polymeric electrolyte after the impregnation of
the non-aqueous electrolyte liquid in accordance with
the formula below. Alternatively, the content of the
non-aqueous electrolytic liquid in the hybrid polymeric

electrolyte can be determined by extracting the non-
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aqueous electrolytic liquid from the hybrid polymeric
electrolyte impregnated with the non-aqueous electroly-
tic liquid, followed by drying, and subtracting the
weight (P) of the dried polymer from the weight (E) of
the hybrid polymeric electrolyte impregnated with the
non-aqueous electrolytic liquid in accordance with the

formula below.

Content (% by weight) of electrolytic liquid =
100 x (E - P)/E.

The hybrid polymeric electrolyte of the present
invention comprises the above-mentioned plurality of
liquid-phase domains and a continuous solid-phase
domain comprising a swollen continuous solid polymér
matrix impregnated with a non-aqueous electrolytic
liquid (hereinafter, frequently referred to simply as
"polymer phase"). The amount of non-aqueous electroly-
tic liquid in the polymer phase impregnated with the
non-aqueous electrolytic liquid is preferably from 10
to 90 % by weight.

The impregnation of the polymer phase of the
hybrid polymeric electrolyte with the non-aqueous
electrolytic liquid can be confirmed by determining the
difference between the weight of the polymer phase [the

weight of the polymer phase is determined from the
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difference between the weight of the hybrid polymeric
electrolyte and the weight of the liquid-phase domains
(which weight can be obtained from the volume of the
liquid-phase domainé)] and the weight of the polymer
foam prior to the impregnation of the non-aqueous
electrolytic liquid (or the weight of the polymer which
is obtained by extracting the non-aqueous electrolytic
liquid from the hybrid polymeric electrolyte and sub-
jecting the resultant polymer to drying). Alternative-
ly, the impregnation of the polymer phase of the hybrid
polymeric electrolyte with the non-aqueous electrolytic
liquid can be confirmed by observing the lowering of
both the melting temperature and the glass transition
temperature of the polymer phase after the impregnation
of non-aqueous electrolytic liquid as compared to those
temperatures prior to the impregnation. The measure-
ment of both the melting temperature and the glass
transition temperature can be performed by differential
thermal analysis. The relationship between the content
of non-aqueous electrolytic liquid in the polymer phase
and each of the melting temperature and the glass
transition temperature varies depending on the type of
the polymer. The content of the non-aqueous electroly-
tic ligquid in the polymer phase can be determined from

the relationship between the content of the non-aqueous



10

15

20

25

28

electrolytic liquid in the polymer and each of the
melting temperature and the glass transition tempera-
ture of the polymer. When the content of non-aqueous
electrolytic liquid in the polymer phase is less than
10 % by weight, the ionic conductivity of the hybrid
polymeric electrolyte becomes too low. On the other
hand, when the content of non-aqueous electrolytic
liquid in the polymer phase is more than 90 % by
weight, the mechanical strength of the polymer phase
becomes undesirably low.

The hybrid polymeric electrolyte of the present
invention has a high ionic conductivity. Specifically,
it is preferred that the hybrid polymeric electrolyte
have an ionic conductivity of at least 1 x 10'5 S/cm,
preferably at least 1 x 1074 S/cm. The measurement of
the ionic conductivity of the hybrid polymeric electro-
lyte is conducted as follows: A sample of the hybrid
polymeric electrolyte is sandwiched between two metal-
lic electrodes, and the sandwiched polymeric electro-
lyte is subjected to measurement of an alternating-
current impedance in accordance with the conventional
method. The ionic conductivity is calculated
from the real part of the complex impedance expressed
in the form of a plot. The ionic conductivity (IC) is

determined from the impedance (Z) of the sample, the
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area (A) of a portion of each of the electrodes which
portion is contacted with the sample, and the thickness
(L) of the sample in accordance with the following

formula:

IC = L/(Z x A).

The hybrid polymeric electrolyte of the present
invention is characterized in the point as mentioned
below, as compared to conventional polymeric electro-
lytes. With respect to a conventional polymeric elec-
trolyte obtained by incorporating an electrolyte and a
solvent for the electrolyte into a polymer, for the
purpose of increasing the ionic conductivity of the
polymeric electrolyte, it has been attempted to in-
crease the content of the solvent in the polymeric
electrolyte. However, this method poses a problem such
that when the content of the solvent in the polymeric
electrolyte is increased, the mechanical strength of
the polymeric electrolyte becomes low. Therefore, with
respect to the above-mentioned conventional polymeric
electrolyte, from the viewpoint of achieving the me-
chanical strength suitable for practical use, the
content of the solvent in the polymeric electrolyte is
limited. Thus, the above-mentioned conventional poly-

meric electrolyte which is obtained by simply incorpo-
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rating an electrolyte and a solvent for the electrolyte
into a polymer contains an electrolytic liquid only in
a small amount, so that the ionic conductivity of the
polymeric.electrolyte is low. On the other hand, the
hybrid polymeric electrolyte of the present invention
exhibits both a high mechanical strength and a high
ionic conductivity even when the content of the non-
agqueous electrolytic liquid in the hybrid polymeric
electrolyte is high. Further, the ionic conductivity
of the hybrid polymeric electrolyte of the present
invention is high, as compared to a conventional poly-
meric electrolyte which is obtained by filling the
pores of an ion-non-conductive porous material having
through-holes (such as a porous polyolefin) with an
electrolytic liquid. The reason for this has not been
elucidated, but it is considered that the hybrid poly-
meric electrolyte of the present invention has an
excellent ionic conductivity due to its hybrid struc-
ture wherein the hybrid polymeric electrolyte comprises
a plurality of liquid-phase domains comprising a plu-
rality of closed cells substantially filled with a non-
aqueous electrolytic ligquid and a contiﬂﬁous solid-
phase domain comprising cell walls impregnated with the

non-aqueous electrolytic liquid.
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The hybrid polymeric electrolyte of the present
invention is produced by impregnating a closed-cell
cellular polymer foam with an electrolytic liquid.

With respect to the volume percentage of the closed
cells, based on the entire volume of the polymer foam,
there is no particular limitation. However, for
achieving the desired effect of the present invention,
the amount of the closed cells of the polymer foam is
selected from the range of from 5 to 98 % by volume.
When the amount of the closed cells ié less than 5 % by
volume, a satisfactorily high ionic conductivity of the
hybrid polymeric electrolyte cannot be achieved. 1In
the present invention, the lower limit of the amount of
the closed cells is preferably 20 % by volume, more
preferably 40 % by volume. When the amount of the
closed cells is more than 98 % by volume, a satisfacto-
rily high mechanical strength of the hybrid polymeric_
electrolyte cannot be achieved. Therefore, the upper
limit of the amount of the closed cells is 98 % by
volume, preferably 97 % by volume. The volume amount
ratio of the closed cells can be obtained by subtract-
ing, from the void ratio of a polymer foam, an open
cell ratio détermined in accordance'with an air pycnom-
eter method described in ASTM-D2856. Illustratively

stated, the void ratio can be calculated from the



10

15

20

25

32

specific gravity of the polymer foam and the specific
gravity of the bulk polymer, and the closed cell ratio
can be obtained by subtracting the open cell ratio (as
measured by an air pycnometer) from the void ratio
obtained above. As polymer foams for producing the
hybrid polymeric electrolyte of the present invention,
polymers having through-holes and/or open cells on the
surface thereof in addition to the above-mentioned
closed cells can also be used. However, a hybrid
polymeric electrolyte obtained by impregnating such a
polymer with an electrolytic liquid has problems in
that a leakage of the electrolytic liquid from the
through-holes or open cells is likely to occur, and
thus it is preferred that the polymer have no through-
holes or open cells, or that the amount of the through-
holes and open cells be less than 5 % by volume, based
on the entire volume of the polymer. Volume percentag-
es of these through-holes and open cells are not in-
cluded in the volume percentage of the. closed cells of
the polymer foam. In the present invention, with
respect to the shape of the cross-sections of closed
cells of the polymer foam, there is no particular
limitation, ahd the closed cells can take a shape of
circle, ellipse or the like. With respect to the size

of the closed cells of the polymer foam, each in terms
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of the average value of the long axis and short axis of
each closed cell, there is no particular limitation
since various size can be selected depending on the use
of the polymer foam.

Each of the closed cells generally has a size of from
100 nm to 100 ym, preferably from 1 pm to 50 um.

In the present invention, it is preferred that
closed cells having a size of from 1 to 50 ym be pres-
ent in an amount of 60 ¥ or more by volume, based on
the entire volume of the closed cells; Further, it is
preferred that closed cells having a size of not small-
er than 50 pm be present in an amount of less than 40 %
by volumg, based on the entire volume of the closed
cells. The lower limit of the expansion ratio (volume
of polymer foam/volume of polymer prior to foaming) of
the polymer foam is generally 1.05 times, preferably
1.25 times, more preferably 1.66 times. The upper
limit of the expansion ratioc of the polymer foam is 50
times, preferably 33 times.

According to the production method of the present
invention, a closed-cell cellular polymer foam is
impregnated with a non-aqueous electrolytic liquid
{which comﬁriées an electrolyte and a non-aqueous
solvent), thereby infiltrating the electrolyte and the

non-aqueous solvent in the polymer foam, thus obtaining
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a hybrid polymeric electrolyte having high ionic con-
ductivity, which comprises the polymer foam, the elec-
trolyte and the non-aqueous solvent. In this connec-
tion, it should be noted that the above-obtained hybrid
polymeric electrolyte can be further impregnated with
an electrolyte and a non-aqueous solvent, which may be
the same or different from the electrolyte and the nén—
aqueous solvent retained in the hybrid polymeric elec-
t;olyte, so that addition and/or replacement of the
electrolyte and/or the non-aqueous soivent thereof is
performed. It is necessary that the non-agqueous sol-
vent be incapable of dissolving the polymer, and the
non-agueous solvent is appropriately selected depending
on the type of the polymer. As a non-aqueous electro-
lytic liquid, in addition to the above-mentioned solu-
tion of the electrolyte in a non-aqueous solvent, a
liquid electrolyte can be mentioned.

It is preferred that electrochemically stable
materials be used for obtaining the hybrid polymeric
electrolyte of the present invention which is substan-
tially insusceptive to oxidation and reduction at an
electric potential in the range of from 1 to 3 V as
measured relative to a reference electrode of metallic
lithium. The electrochemical stability can be evaluat-

ed by a cyclic voltammetry method. Illustratively, one
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side of a hybrid polymeric electrolyte is covered with
an electrochemically inert electrode (such as a stain-
less sheet) as the working electrode, and the halves of
the other side of the sheet are, respectively, covered
with 2 metallic lithium sheets as the counter electrode
and the reference electrode, respectively, to thereby
obtain an electrochemical cell. With respect to the
working electrode, the potential sweep is conducted,
and changes in the current due to oxidation or reduc-
tion are examined. When the measured current is lower
than a certain current value which is obtained by
doubling the background current due to oxidation or
reduction as observed in the interface of the electric
double layer (that is, lower than a certain cufrent
value which is obtained by doubling the current showing
no peak due to oxidation or reduction), the electric
potential corresponding to such a measured current is
considered as representing an electrochemically stable
condition. An electric potential as measured relative
to a reference electrode of an electrode other than
metallic lithium can be converted to the electric
potential as measured relative to a reference electrode
of metallic lithium. It is preferred that the hybrid
polymeric electrolyte of the present invention be

substantially insusceptive to oxidation and reduction
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at an electric potential in the range of from 1 to 3 V
as measured relative to a reference electrode of metal-
lic lithium, that is, be electrochemically stable. It
is more preferred that the hybrid polymeric electrolyte
be substantially insusceptive to oxidation and reduc-
tion at an electric potential in the range of from 0.7
to 4.0 V as measured relative to a reference electrode
of metallic lithium. When the lower limit of the
electric potential range within which the hybrid poly-
meric electrolyte is electrochemicallf stable is 1 V ox
more as measured relative to a reference electrode of
metallic lithium, thé hybrid polymeric electrolyte is
susceptive to reduction, and when the upper limit of
the electric potential range within which the hybrid
polymeric electrolyte is electrochemically stable is 3

V or less as measured relative to a reference electrode

-of metallic lithium, the hybrid polymeric electrolyte

is susceptive to oxidation. -

As mentioned above, it is preferred that the
hybrid polymeric electrolyte be electrochemically
stable. For achieving such a property, it is preferred
that all of the componénts of the hybrid polymeric
electrolyte, such as a polymer, an electrolyte and a
solvent therefor, be electrochemically stable. Howev-

er, a hybrid polymeric electrolyte produced from mate-



10

15

20

25

37

rials containing electrochemically unstable material(s)
may also be electrochemically stable.

The polymeric materials, the electrolytes and the
solvent thereof will be described below in more detail.

The polymeric materials used in the present inven-
tion have a property such that an electrolytic liquid
together with the polymeric material form a solid
solution. Examples of such materials include materials
used for obtaining conventional polymeric electrolytes.
For example, materials described in the publication
"Polymer Electrolyte Reviews 1 (1987) (edited by
J.R.MacCallum, C.A.Vincent, Elsevier Applied Science
Publishers Ltd., U.S.A.)" and "Solid Polymer Electro-
lytes (1991) (Fiona M. Gray, VCH Publishers, Inc.,
U.S.A.)" can be mentioned. Examples of such polymeric
materials include alkylene ether polymers, such as
poly(ethylene oxide), poly(propylene oxide) and an
ethylene oxide/propylene oxide copolymer; poly(alkylene
thiocether); nitrile polymers, such as polyacrylonitrile
and an acrylonitrile/styrene copolymer; wvinylidene
fluoride polymers, such as poly(vinylidene fluoride), a
vinylidene fluoride/hexafluoropropylene copolymer, a
perfluorovinyl ether/vinylidene fluoride copolymer, a
tetrafluoroethylene/vinylidene fluoride copolymer, a

hexafluoropropylene oxide/vinylidene fluoride copolym-
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er, a hexafluoropropylene oxide/tetrafluoroeth-

vliene/vinylidene fluoride copolymer, a hexafluoropropy-

. lene/tetrafluoroethylene/vinylidene fluoride copolymer

and a fluoroethylene/vinylidene fluoride copolymer;
polyphosphazene; a polydimethylsiloxane derivative; an
aliphatic polyester; an aliphatic polycarbonate;
poly(sulfoethyl methacrylate) and a salt thereof;
carboxybutanoxylethylmethacrylate and a salt thereof;
and commercially available resins, such as Nafion
{tradename of a resin manufactured and sold by Du Pont,
U.S.A.) and Flemion (tradename of a resin manufactured
and sold by Asahi Glass Co., Ltd., Japan). Among these
polymers( preferred are electrochemically stable poly-
mers as explained above, such as polymers containing no
ionic groups nor migrating hydrogens. Among the above-
mentioned polymeric materials, vinylidene fluoride
polymers, such as poly(vinylidene fluoride) and copo-
lymers comprising vinylidene fluoride units are espe-
cially preferred, since they are electrochemically
stable, and when such polymers are used as materials
for closed-cell cellular polymer foam which is to be
used for the production of the hybrid polymeric elec-
trolyte of the present invention, the hybrid polymeric
electrolyte exhibits high ionic conductivity.

A polymer containing ionic groups may have high
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hygroscopicity, depending on the type of the polymer.
When such a polymer is used as a material, the electro-
chemical stability of the hybrid polymeric electrolyte
becomes low, since the water content of the hybrid
polymeric electrolyte becomes large. Also, when a
polymer containing ionic groups is used as a material,
the ionic conductivity of the hybrid polymeric electro-
lyte may become low depending on the type of the polym-
er, because it is difficult to impregnate such a polym-
er with the non-agqueous electrolytic liquid.

When the polymer has a group containing a migrat-
ing hydrogen (protonic hydrogen) (such as a carboxylic
acid group, a sulfonic acid group, a hydroxyl group and
an N-H group), the obtained hybrid polymeric electro-
lyte is likely to suffer a reduction reaction or a side
reaction accompanying the reduction reaction, so that
the electrochemical stability of the hybrid polymeric
electrolyte becomes low.

It is preferred that the polymer used in the
present invention have a molecular weight of from 1,000
to 10,000,000. When the polymer is a vinylidene fluo-
ride polymer, it is preferred that such a polymer have
a molecular weight of from 5,000 to 2,000,000, more
preferably from 10,000 to 1,000,000.

From the above-mentioned polymers; a polymer foam
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can be produced by any of conventional methods. An -
example of such methods is a method comprising incorpo-
rating a foaming agent into a molded polymer under
atmospheric or superatmospheric pressure, and heating
the polymer under atmospheric or reduced pressure, so
as to perform a foaming of the polymer by a gas gener-
ated by wvaporization or decomposition of the foaming
agent. Alternatively, a polymer foam may be produced
by a method in which a mixture of a polymer and a
foaming agent is molded, and then the resultanf molded
product is foamed by heating. The temperature, time
and pressure for the above foaming operation may vary
depending on the types of the polymer and the foaming
agent, the desired volume ratio of closed cells of a
polymer foam to be produced, the desired configuration
and dispersion morphology of closed cells, or the like.
However, the foaming operation is generally conducted
at a temperature which is around the melting tempera-
ture of the polymer and which enables the foaming agent
to produce a gas. The heating in the foaming operation
can be done, for example, by a method comprising con-
tacting a polymer containing a foaming agent with a
heat roll, a method comprising heating a polymer con-
taining a foaming agent with convection heat or radiant

heat by means of a heating oven, such as an electric
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resistance heating oven or an infrared heating oven,-
and a method comprising heating a polymer containing a
foaming agent by the irradiation of microwave, radio-
frequency energy or laser beam. Alternatively, a
polymer foam can be obtained by incorporating a super-
critical liquid, such as a supercritical liquid of
carbon dioxide or the like as a foaming agent into a
polymer, and placing the polymer (having a supercriti-
cal liquid incorporated therein) under atmospheric
pressure.

For example, when it is desired to produce a
polymer foam from a vinylidene fluoride polymer, the
method disclosed in Examined Japanese Patent Applica-
tion Publication No.4-57704 can be used. Specifically,
a polymer foam can be produced by a method comprising:
subjecting a melt-molded product of a polymer to 1)
irradiation with radiant energy, such as electron
beams, 7-rays or the like, 2) radical crosslinking, or
3) treatment with an alkali, to obtain a polymer having
a crosslinked structure; impregnating the obtained
polymer with a foaming agent, such as a halogen com-
pound or a hydrocarbon; and foaming the polymer by
heating or the like. Examples of foaming agents in-
clude flon 134a, a supercritical liquid of carbon

dioxide, and toluene. When the foaming agent is flon
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134a or a supercritical liquid of carbon dioxide, the
impregnation of the polymer with the foaming agent is
conducted under pressure. The above-mentioned irradia-
tion with electron beams, irradiation with v -rays,
radical crosslinking or treatment with an alkali may be
carried out after the foaming operation.

When the hybrid polymeric electrolyte of the
present invention is used as a separator or the like
for a battery, it is preferred to use a polymer having’
a crosslinked structure since the occurrence of a short
circuiting at high temperatures can be prevented. 1In
the present invention, it is preferred that the polymer
used have intermolecular crosslinkages between polymer
molecules, and it is preferred that the polymer contain
no crosslinkable monomer unit.

When a crosslinkable monomer is incorporated in a
vinyliden fluorine polymer and the crosslinking of the
vinyliden fluoride polymer is carried out with the
polymerization of the crosslinkable monomer, a residual
crosslinkable monomer in the polymer undergo a reduc-
tive polymerization, an electrolytic oxidation or an
electrolytic reductive decomposition at the interface
between the polymer and electrodes, and reaction pro-
ducts formed by the above-mentioned reactions occurring

at the interface between the polymer and electrodes
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undergo further side-reactions. As a result, various
disadvantages are likely to be caused, such as a lower-
ing of current efficiency, and the destruction of the
structure of the interface between the polymer and
electrodes, thereby lowering the performance of the
battery. It is possible to remove the residual monom-
ers from the polymer; however such a removal operation
is cumbersome. Further, depending on the type of the
crosslinkable monomer unit remaining in the polymer
used for producing the hybrid polymeric electrolyte, it
is likely that the obtained hybrid polymeric electro-
lyte suffers electrochemical side-reactions, or suffers
hydrolysis even in the presence of a trace amount of
water.

Examples of methods for crosslinking the polymer
used in the hybrid polymeric electrolyte of the present
invention include a method in which a crosslinked
structure is formed by the irradiation of a radiation
energy, such as electron beams, 7-rays, X-rays, ultra-
violet light, infrared light or the like; a method in
which a crosslinked structure is formed by a radical
reaction initiated by a radical initiator incorborated
in the polymer; and a method in which a crosslinked
structure is formed by a reaction between double bonds

which are formed by an alkali treatment (for elimina-
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tion of HF). -

Among these methods, electron beam irradiation is
preferred from the viewpoint of commercial scale pro-
duction of the hybrid polymeric electrolyte and ease in
process control. In conducting electron beam irradia-
tion, when the irradiation dose is too small, the
desired effects of the crosslinking cannot be achieved.
On the other hand, when the irradiation dose is too
large, a decomposition of the polymer is likely to
occur, and the use of too large an irradiation dose is
also disadvantageous from the viewpoint of productivi-
ty. Therefore, it is preferred that the irradiation
dose be from 5 to 100 Mrads. In the case of the irra-
diation with 7-ray, the irradiation intensity and
irradiation time may be appropriately selected so that
tﬁe irradiation dose becomes a value equivalent to the
above-mentioned dose of electron beam irradiation.

The formation of a crosslinked structure is con-
firmed by the measurement of the solubility of the
polymer in an organic solvent capable of dissolving a
linear polymer (linear polymer-dissolvable organic
solvent). Specifically, since a polymer confaining a
crosslinked structure has a segment which is insoluble
in a linear polymer-dissolvable organic solvent, the

presence of such a segment indicates the presence of a
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crosslinked structure. There is no particular limita-
tion with respect to the linear polymer-dissolvable
organic solvent, and an appropriate solvent is selected
depending on the type of the polymer. When the polymer
is a hexafluoropropylene/vinylidene fluoride copolymer,
N-methylpyrolidone, chloroform, dichloromethane, dich-
loroethane, acetone, tetrahydrofuran, dimethylforma-
mide, dimethylsulfoxide, dimethylacetamide or the like
can be preferably used as the linear polymer-dissolv-
able organic solvent.

The poiymer matrix of the hybrid polymeric elec-
trolyte of the present invention contains a non-cross-
linked polymer segment in addition to the above-
mentioned crosslinked polymer segment. A crosslinked
polymer segment is distinguishable from a non-cross
linked polymer segment since a crosslinked polymer
segment is insoluble in the above-mentioned solvent,
whereas a non-crosslinked polymer is soluble in the
above-mentioned solvent. For example, a vinylidene
fluoride polymer is immersed in N-methylpyrroridone as
a solvent, and allowed to stand at 100 °C for 2 hours
to thereby dissolve the non-crosslinked polymer seg-
ment. The undissolved solids comprised of the cross-
linked polymer segment is taken out of the solvent,

washed with acetone and methanol, dried and weighed.
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The weight ratio of the crosslinked polymer segment -
defined below can be calculated from the weight after
the drying. In the polymer matrix of the hybrid poly-
meric electrolyte of the present invention, it is
preferred that the weight ratio of the crosslinked
polymer segment defined by the formula (weight of a
crosslinked polymer segment)/(total weight of a cross-
linked polymer segment and a non-crosslinked polymer
segment) be from 0.2 to 0.8. When the above weight
ratio is less than 0.2, the effect of a crosslinked
polymer segment becomes small. The non-crosslinked
polymer segment, which is contained in the polymer
matrix of the hybrid polymeric electrolyte together
with a crosslinked polymer segment, has the effect to
increase the adhesion between the hybrid polymeric
electrolyte and an electrode in the fabrication of a
battery as described below. By this effect, the me-
chanical strength and performance of a battery are
improved. When the weight ratio of the crosslinked
polymer segment to the total weight of the crosslinked
polymer segment and the non-crosslinked polymer segment
is more than 0.8, the above-mentioned effect of the
non-crosslinked polymer segment is decreased, so that
the performance of a battery is not high.

The hybrid polymeric electrolyte of the present
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invention may be provided in various forms, such as a
sheet, a sphere and a fiber.

When the hybrid polymeric electrolyte of the
present invention is provided in the form of a sheet
and used, for example, as a separator for a battery,
there is no particular limitation with respect to the
film thickness of the separator, and the suitable film
thickness varies depending on the type of the battery.
However, in general, it is preferred that the film
thickness of the separator be from about 5 to about
500 pm. When the film thickness is less than 5 pm, the
mechanical strength becomes low and short circuiting
between electrodes is likely to occur when a battery
containing such a separator is operated. When the film
thickness is more than 500 pm, not only is the effec-
tive electrical resistance of the separator excessively
high, but also the energy density per volume of the
battery becomes low.

In the step of impregnating the polymer foam sheet
with a non-aqueous electrolytic liquid, depending on
the types of the polymer foam sheet and the electroly-
tic liquid, it is possible that a problem arises such
that the polymer foam sheet markedly swells or shrinks
upon the impregnation with the non-agueous electrolytic

ligquid. This phenomenon not only makes it difficult to
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set the feeding speed of polfmer foam sheets for a
continuous process of the impregnation of polymer foam
sheets with a non-aqueous electrolytic liquid, but also
causes a problem such that, when the impregnation of
the polymer foam sheet with a non-aqueous electrolytic
liguid is performed after the battery has been assem-
bled using thé polymer foam sheet, the hybrid polymeric
electrolyte suffers cracking due to a large stress
produced by an excessive sWelling or shrinkage of the
hybrid polymeric electrolyte. The above-mentioned
phenomenon also causes a problem such that, after a
polymer foam sheet undergoes excessive swelling by the
impregnation with an electrolytic liquid, when the
electrolytic liquid evaporates or leaks out from the
obtained hybrid polymeric electrolyte during the use of
a battery containing the hybrid polymeric electrolyte,
a short circuiting may occur due to a excessive shrink-
age of the hybrid polymeric electrolyte.

The above mentioned problems can be solved by
irradiating the polymer foam sheet with electron beams
and/or stretching the polymer foam sheet, so as to
cause the polymer foam sheet to have at least one
construction selected froﬁ a construction in which the
polymer foam sheet comprises a crosslinked polymer

segment having a crosslinked structure formed by elec-
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tron beam irradiation, and a construction in which the
polymer foam sheet is ih a stretched form. When the
polymer foam shéet has the above-mentioned at least one
construction, it does not undergo excessive swelling or
shrinkage upon the impregnation of it with an electro-
lytic liquid.

When a polymer foam sheet used for the production
of the hybrid polymeric electrolyte has a large expan-
sion ratio, the polymer foam sheet is likely to undergo
shrinkage by the impregnation with an electrolytic
liquid. This shrinkage can be suppressed by electron
beam irradiation. On the other hand, when the polymer
foam sheet has a small expansion ratio, the polymer
foam sheet is likely to undergo swelling by the impreg-
nation with a non-agqueous electrolytic liquid. Howev-
er, by appropriately choosing the expansion ratio, the
method for stretching a polymer foam sheet, the
stretching ratio, and the dose of electron beam irra-
diation, it is possible to suppress swelling and
shrinkage of the polymer foam sheet upon the impregna-
tion with a non-aqueous electrolytic liquid.

With respect to the method for stretching the
polymer foam, there is no particular limitation, and
various known methods, such as a uniaxial stretching

method, a successive biaxial stretching method and a
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simultaneous biaxjal stretching method can be used. -
These methods are described, for example, in "Kagaku
Binran, Ouyo-kagaku-hen I (purosesu) [Chemistry Hand-
book, Applied Chemistry I (Process)]"” (P.643, 1986,
edited by Chemical Society of Japan and published by
Maruzen Co., Ltd.)

In general, a stretched polymer is likely to
change its size toward recovering its original size
upon being softened by the impregnation with an elec-
trolytic liquid. By utilizing this property, a dimen-
sional change of the polymer by swelling can be min-
imized. Specifically, a dimensional increase of the
polymer by swelling upon the impregnation with an
electrolytic liquid can be céncelled by performing a

biaxial stretching of a polymer in an appropriate

stretching ratio prior to the impregnation. Further,
when a uniaxially stretched polymer is impregnated with
an electrolytic liquid, the polymer is likely.to shrink
in the direction of stretching and swell in a direction
perpendicular to the direction of stretching. Thus, a
dimensional change of a polymer by swelling upon the
impregnation with an electrolytic liquid can be sup-
pressed by stretching the polymer uniaxially in an
appropriate stretching ratio and in an appropriate

direction prior to the impregnation.
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The above-mentioned electron beam irradiation and
stretching treatment can be employed individually or in
combination. The dose of electron beam irradiation and
the stretching ratio can be determined according to the
amount of an electrolytic liquid which is impregnated
in the polymer foam sheet.

With respect to the surface area of the polymer
foam sheet obtained by electron beam irradiation and/or
stretching treatment, when the polymer foam sheet has
an ionic conductivity which is sufficient for use as an
electrolyte for a battery (that is,lan ionic conductiv-

ity of at least 1 x 10'4 S/cm) after impregnation with

- a non-aqueous electrolytic liquid, it is preferred that

the surface area of the impregnated electrolyte be 50
to 200 %, more preferably from 70 to 170 %, still more
preferably from 90 to 150 %, based on the surface area
prior to the impregnation with the non-aqueous electro-
lytic liquid. By using the methods described above, a
hybrid polymeric electrolyte in a sheet form can be
produced while suppressing a dimensional change upon
the impreghation with a non-aqueous electrolytic lig-
uid.’

The non-agqueous electrolytic liguid used in the
present invention is generally a solution of an elec-

trolyte in a non-aqueous solvent. However, when the
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electrolyte itself has flowability or is a liquid, the
electrolyte can be used as a non-aqueous electrolytic

liquid as such.



10

15

20

25

53

In the present invention, the electrolyte used in
the non-aqueous electrolytic ligquid may be either a
salt of an inorganic acid or a salt of an organic acid.
Examples of salts include salts of inorganic acids,
such as tetrafluoroboric acid, perchloric acid, hexa-
fluorophosphoric acid, nitric acid, sulfuric acid,
phosphoric acid, hydrofluoric acid, chloric acid,
bromic acid and iodic acid; and salts of organic acids,
such as trifluoromethanesulfonic acid, fluoropropylsul-
fonic acid, bis(trifluoromethanesulfonyl )imide acid,
acetic acid, trifluorocacetic acid and propionic acid.
Further, the above-mentioned salts may be used in the
form of a mixture thereof as an electrolyte. Examples
of electrolytic cations of the above-mentioned salts
include an alkali metal, an alkaline earth metal, a
transition metal, a rare earth metal and an ammonium
ion. The above-mentioned cations may be used individu-
ally or in combination. The types of cations used may
vary depending on the objective of the use of the
hybrid polymeric electrolyte. For example, when the
hybrid polymeric electrolyte of the present invention
is used in a lithium battery, it is preferred to use a
lithium salt és the electrolyte. Examples of lithium
salts include LiCl, LiBr, LiSCN, LiClO,4, LiNOg,

Li(C6H5)4B, Li(CSHll-HC=CH2)4B, Li(C4Hg—HC=CH2)4B,
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Li(CgHg-(CHy)3-HC=CHy) 4B, LisB1gClig, LipBjpCli,, -
Li,BioHp,, LiCF3SO3, LiC4FgSOg, LiCgF;3503, LiCgFyySOg,

LiCFsCOZ , LAN( CF3COZ )2, LAN( CF3SOZ ) 27 LAN{( CH3SOZ ) 2

LiAsFg, LiBF,, LiPFg, LiOOC(CF,)3COOLi and

LiSO3(CF,)3803Li. When the hybrid polymeric electro-
lyte of the present invention is used in a lithium
secondary battery, in which the potential difference
between the positive electrode and the negative elec-
trode is large and hence a wide range of electrochemi-
cal window is utilized, it is preferred that the elec-
trolyte be an electrochemically stable lithium salt.
Examples of such lithium salts include a lithium salt
of fluorinated alkylsulfonic acid, such as LiCFg3SOz or
LiCyFgS03; a lithium salt of fluorinated sulfonimide,
such as LiN(CF3S05},; LiBFy; LiPFg; LiClO4; and LiAsFg.
Examples of solvents used in the electrolytic
liquid for impregnating the polymer foam include low
molecular weight organic compounds, such as cyclic
carbonate compounds (e.g., ethylene carbonate, propy-
lene carbonate and butylene carbonate), chain carbonate
compounds (e.g., dimethyl cérbonate, diethyl carbonate
and methyl ethyl carbonate), ether compounds (e.g.,
tetrahydrofuran and methyltetrahydrofuran), ester
compounds (e.g., 7-butyrolactone, propiolactone and

methyl acetate), nitrile compounds (e.g., acetonitrile
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and propionitrile); and oligoethylene oxides, such as
diglyme and tetraglyme; and derivatives thereof. Among
the above-mentioned compounds, carbonate compounds and
ester compounds are preferred for a lithium battery due
to their excellent electrochemical stability. Further,
in the present invention, a solution of a polymer in
the above-mentioned solvents can also be used as a
solvent for an electrolyte. Examples of such polymers
include aliphatic polyethers, such as polyethylene
oxide and polypropylene oxide; fluorinated polymers,
such as polyvinylidene fluoride and a vinylidene fluo-
ride/hexafluoropropylene copolymer; polyacrylonitrile;
aliphatic polyesters; and aliphatic polycarbonates.
The hybrid polymeric electrolyte of the present inven-
tion can be advantageously produced by impregnating a
closed-cell cellular polymer foam with a solution of
the above-mentioned electrolytes in the above-mentioned
solvents. Such a solution may further contain other
solvents for an electrolyte. Alternatively, as men-
tioned above, a liquid electrolyte as such may be used
as an electrolytic liquid without using a solvent.

The hybrid polymeric electrolyte of the present
invention canlbe produced, for ekample, by immersing,
at an appropriate temperature, a polymer foam in a

solution obtained by dissolving an electrolyte in a
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solvent therefor, thereby impregnating the polymer foam
with the solution of the electrolyte. The above-men-
tioned method is preferred from the viewpoint of ease
in operation.

In the present invention, as mentioned above, by
employing a polymer foam having a crosslinked polymer
segment, a hybrid polymeric electrolyte having high
mechanical strength and excellent heat stability can be
obtained. In the present invention, it is not requi-
site for the polymer foam to have a crosslinked struc-
ture. However, when the polymer foam has a crosslinked
structure, the contents of the electrolyte and the
solvent therefor in the hybrid polymeric electrolyte
can be selected from broad ranges. The use of a polym-
er foam having a crosslinked structure is advantageous
especially when it is intended to obtain a hybrid
polymeric electrolyte having high contents of the elec-
trolyte and the solvent therefor, because it becomes
possible to obtain a hybrid polymeric electrolyte which
can remain in a solid form even when it has the elec-
trolyte and the solvent therefor in high contents.

The impregnation temperature may vary depending on
the combinatibn of an electrolyte and a solvent there-
for, the impregnation time and the like. However, when

the impregnation temperature is as low as around room
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temperature, even if the impregnation is conducted for
a prolonged period of time, the impregnation of the
polymer matrix with a satisfactory amount of the elec-
trolytic liquid cannot be performed. Therefore, the
resultant hybrid polymeric electrolyte has only a low
ionic conductivity. On the other hand, when the im-
pregnafion temperature as high as around the melting
temperature of the polymer of the polymer foam, the
polymer foam is either distorted or dissolved in the
electrolytic liguid. Therefore, the impregration is
conducted at a temperature at which the electrolytic
liquid can satiéfactorily swell the polymer foam with-
out distprting or dissolving the polymer foam. Specif-
ically, the impregnation temperature is generally from
35 °C to 200 °C, preferably from 50 °C to 180 °C, more
preferably from 60 °C to 150 °C.

The impregnation of a polymer foam with a non-
agueous electrolytic ligquid can also be conducted by
immersing the polymer foém in a non-aqueous electroly-
tic liquid which contains a swelling agent, to thereby
efficiently and effectively impregnating the polymer
foam with the swelling agent-containing electrolytic
liquid. By this method, the impregnation can be con-
ducted at a relatively low temperature and the impreg-

nation time can be shortened. In this method, the
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impregnation treatment conditions, such as the composi-
tion of the electrolytic liquid, the impregnation
temperature and the impregnation time may be appro-
priately selected so that the polymer foam is not
substantially dissolved dufing the impregnation treat-
ment.

Further, when a polymer foam is impregnated with a
non-agqueous electrolytic liquid which contains a swell-
ing agent as mentioned above, at least a part of the
swelling agent can be removed from the resultant hybrid
polymeric electrolyte, for example, by the following
methods. When the swelling agent used has a low boil-
ing point as compared to that of the solvent for the
electrolyte, the swelling agent can be selectively

removed from the hybrid polymeric electrolyte by sub-

~ jecting the hybrid polymeric electrolyte to at least

one treatment selected from the group consisting of
reduced pressure treatment and heat treatment utilizing
the difference in boiling point between the swelling
agent and the solvent for the electrolyte. The amount
of the swelling agent to be removed may be appropriate-
ly selected by controlling the treatment conditions
(e.g., the degree of reduced pressure, the temperature
and the time). ' When the swelling agent has a boiling

point close to that of the solvent for the electrolyte,
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not only the swelling agent but also the solvent is
removed from the hybrid polymeric electrolyte by the
above-mentioned at least one treatment. In this in-
stance, the resultant hybrid polymeric electrolyte
having a low content of the solvent for the electrolyte
may be further impregnated with a solvent for the
electrolyte so as to supplement the solvent in the
hybrid polymeric electrolyte. Alternatively, after a
polymer foam is impregnated with a non-agqueous electro-
lytic liquid which contains a swelling agent, -the
resultant hybrid polymeric electrolyte may be further
impregnated with a solution of an electrolyte in a non-
aqueous solvent, which solution contains no swelling
agent, to thereby replace at least a part of the swell-
ing agent by the electrolytic solution containing no
swelling agent. In this method, the amount of the
swelling agent remaining in the hybrid polymeric elec-
trolyte can be controlled by changing the amount of the
electrolytic solution or the non-agueous soclvent which
is used for the replacement, and the temperature and
time for the above replacement operation. For largely
reducing the swelling agent content of the hybrid
polymeric electrolyte, it is preferred to repeat the
above-mentioned replacement operation several times.

It is preferred that the above-mentioned swelling
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agent be composed of compounds which are insusceptible
to electrochemical reactions. Such an electrochemical-
ly inert swelling agent may be left in the hybrid
polymeric electrolyte, and in such a case, the swelling
agent serves as a solvent for the electrolyte. When a
swelling agent comprising electrochemically reactive
compounds is used, such a swelling agent is removed
from the hybrid polymeric electrolyte by the above-
mentioned methods, or by extraction, distillation or
the like. The swelling agent content of the hybrid
polymeric electrolyte of the present invention is
preferably 5 % or less by weight, based on the weight
of the hybrid polymeric electrolyte.

Explanation is made below with respect to a spe-
cific exaﬁple of the above-mentioned impregnation
method using a swelling agent, in which example a
polymer foam of a vinylidene fluoride polymer, such as
polyvinylidene fluoride or a vinlidene fluoride/hexa-
fluoropropylene copolymer, is impregnated with a non-
aqueous electrolytic liquid which contains a swelling
agent. Examples of swelling agents include ketone
compounds, such as acetone and methylethyl ketone;
cyclic compounds, such as tetrahydorofuran and dioxane;
and ester compounds, such as ethyl acetate and butyl

acetate. Such a swelling agent is mixed with a solu-
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tion of an electrolyte in a non-aqueous solvent to
prepare a swelling agent-containing electrolytic iiq—
uid, and then a polymer foam is impregnated with the
obtained electrolytic liquid. Alternatively, the
polymer foam may be first impregnated with a swelling
agent and then impregnated with a solution of_an elec-
trolyte in a non-aqueous solvent. The impregnation of
the polymer foam with the swelling agent or with the
swelling agent-containing electrolytic liquid is con-
ducted at a temperature of from room temperature to
100 °C. When the vapor pressure of the swelling agent
and/or the solvent for the electrolyte is relatively
high at the impregnation temperature, the impregnation
is conducted in a sealed vessel under atmospheric
pressure or under superatmospheric pressure. When a
solvent having a high boiling point, such as cyclic
carbonatés (e.g., ethylene carbonate and propylene
carbonate) and cyclic esters (e.g., 7-butyrolactone),
is used as the solvent for the electrolyte, a swelling
agent havin§ a low boiling point can be removed by the
above-mentioned method. The hybrid polymeric electro-
lyte of the present invention can be produced by the
above-mentioned methods.' However, methods for produc-
ing the hybrid polymeric electrolyte are not limited to

these methods.
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The hybrid polymeric electrolyte of the present
invention has a high ionic conductivity and wvarious
excellent properties, such as flexibility, processabil-
ity, mechanical strength and electrochemical stability.
Therefore, this hybrid polymeric electrolyte is appli-
cable to various types of electrochemical devices, such
as a battery (e.g., a lithium battery, a lithium sec-
ondary battery, a lithium ion secondary battery, an air
battery and a photochemical battery), an electrical
double layer capacitor, an electrochemical sensor and
an electrochromic display device.

In the above-mentioned electrochemical devices, at
least two electrodes are disposed through the hybrid
polymeric electrolyte provided therebetween.

A battery as a representative example of electro-
chemical devices employing the hybrid polyméric elec-
trolyte of the present invention will be described
hereinbelow. In a battery employing the hybrid poly-
meric electrolyte of the present invention has a struc~
ture such that a positive electrode and a negative
electrode are disposed through the hybrid polymeric
electrolyte of the present invention provided therebet-
ween.

For example, in the case of a lithium battery, it

is preferred that a lithium salt be contained in the
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hybrid polymeric electrolyte, and therefore, it is
preferred that a lithium salt be used as an electro-
lyte. When a lithium salt is contained in the hybrid
polymeric electrolyte, it is preferred that a substance
capable of occluding and releasing lithium be used as a
material for the positive electrode and the negative
electrode. As the positive electrode material, a
material having a higher electric potential than that
of the negative electrode material is employed. Exam-
ples of such positive electrode materials include
oxides, such as Lij _4Co0,, Li;_,NiO,, Lij _yMn,04 and
Lijy_4MO, (wherein O<x<l, and M represents a mixture of
Co, Ni, Mn and Fe); Liz_yMn204 (wherein 0O<y<2), crys-
talline Li;_,V,05, amorphous Liz_yvzos (wherein O<y<2)
and Lil_z_xuszos (wherein 0<x'<1.2); metal chalco-
genides, such as Liq_,TiS,o, Liq_ MoS, and Li3_ZNbSe3
(wherein 0<z<3); and organic compounds, such as poly-
pyrrole, polythiophene, polyaniline, a polyacene de-
rivative, polyacetylene, polythienylene vinylene,
polyallylene vinylene, a dithiol derivative, and a
disulfide derivative.

As the negative electrode material, a material
having a lower electric potential than that of the
positive electrode material is employed. Examples of

such negative electrode materials include metallic
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lithium-containing materials, such as metallic lithium,
an aluminum-lithium alloy and a magnesium-aluminum-
lithium alloy; intermetallic compounds, such as Ale,
Mg,Ge and NiSi,; carbonaceous materials, such as a
graphite, a coke and a low temperature-calcined polym-
er; lithium solid solutions of metal oxides, such as an
SnM oxide (wherein M represents Si, Ge or Pb), a com-

plex oxide of Si, {wherein M' represents W, Sn,

—yM'yO2
Pb, B or the like), titanium oxide and iron oxide; and
ceramics, such as nitrides, e.g., LigMnN,, LigFeN,,
Liz_yCo,N, Lig_ . NiN, Lig_,Cu.N, LigBN,, LigAlN, and
LizSiNg. It should be noted that when metallic lithium
formed on the negative electrode by the reduction of
lithium ions on the negative electrode is used as a
negative electrode material, the type of the material
for the negative electrode is not particularly limited
as long as it is electrically conductive.

The positiye.and negative electrodes used in the
battery of the present invention are produced by mold-
ing the above-mentioned electrode materials into a
predetermined configuration. The electrodes may be
either in the form of a continuous solid or in the form
of a particulate electrode material dispersed in a

binder. Examples of methods for forming a continuous

solid include electrolysis, wvacuum deposition, sputter-
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ing, CVD, melt processing, sintering, and powder com-
pression molding. In the powder compressing molding
method, an electrode is produced by molding a mixture
of a particulate electrode material and a binder.
Examples of binders include not only the above-men-
tioned vinylidene fluoride polymers used as materials
for a closed-cell cellular polymer foam, but also non-
foamed polymers, such as a styrene-butadiene latex and
Teflon latex, and metals. A polymerizable monomer and
a crosslinking agent may be added to the binder, and
the resultant mixture may be subjected to molding,
followed by polymerization and crosslinking. In addi-
tion, a particulate form of thé hybrid polymeric elec-
trolyte of the present invention may also be used as a
binder. For the purpose of improving the strength of
such a binder or modifying the properties.of such a
binder, the binder may be irradiated with radiant
energy, such as electron beams, 7-rays, ultraviolet
rays and infrared rays. For effecting ion transporta-
tion between the positive and negative electrodes,
current collectors made of a material having low elec-

trical resistance may be provided on the positive and

negative electrodes. In producing an electrode accord-
ing to the above-mentioned methods, the current collec-

tor is used as a substrate for the electrode. A bat-
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tery can be produced by preparing a laminate structure
composed of a positive electrode/the hybrid polymeric
electrolyte of the present invention/a negative elec-
trode. Alternatively, a battery can also be produced
by first preparing a laminate structure composed of a
positive electrode/a closed-cell cellular polymer foam
before impregnation with a non-aqueous electrolytic
liquid/ a negative electrode, and then impregnating the
laminate structure with a non-aqueous electrolytic
ligquid.

In general, in conventional batteries wherein an
electrolytic liquid is simply used or a polymer is
simply impregnated with an electrolytic liquid, the
electrode is used in such a form as retains electroly-
tic liquid therein. In this case, by a long-term
storage or under some storage conditions, a non-
uniformity and a decrease in the electrolytic liquid
content in the electrode are likely to take place,
leading to a decrease in the ion transportation between
the electrodes, so that a lowering of the performance
of the battery occurs. This problem is especially
serious in secondary batteries which need to be used
for a long period of time, since the life of secondary
batteries becomes shortened. In addition to the lower-

ing of the battery performance, the danger that an
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oozing-out of an electrolytic liquid from the elec-
trodes causes a leakage of the electrolytic liquid to
the outside of the battery has been a serious problem.

In order to solve the above-mentioned problems,
according to another aspect of the present invention,
there is provided an electrode comprising a particulate
electfode material and a binder comprising a closed-
cell cellular polymer foam. Further, by impregnating
the cellular polymer foam of the electrode with a non-
aqueous electrolytic liquid, an electrode having the
high ability to retain an electrolytic liquid therein
can be obtained. Specific examples of methods for
producing such an electrode of the present invention
include é method comprising molding a mixture of a
particulate electrode material and a closed-cell cellu-
lar polymer foam or a pulverized product of a closed-
cell cellular polymer foam, thereby obtaining a molded
material, and a method comprising molding a mixture of
a particulate electrode material and a binder resin.
prior to obtain a molded product, and foaming the
binder resin in the molded product. The obtained
electrode is impregnated with a non-aqueous electroly-
tic liquid to obtain a swollen product for use as an
electrode for a battery.

The electrode of the present invention comprises a
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particulate electrode material and a binder resin
comprising a closed-cell cellular polymer foam. The
electrode of the present invention has a high ability
to retain an electrolytic ligquid therein and to prevent
leakage of an electrolytic liquid, as compared to
conventional electrodes. By impregnating the electréde
of the present invention with an electrolytic liquid to
obtain an electrode, and using such an electrode for a
battery, a battery having excellent properties can be
obtained. The closed cells in the binder of the elec-
trode of the present invention which is used for a
battery are filled with an electrolytic liquid. In the
electrode of the present invention, unlike the conven-
tional electrodes having a through-hole structure, the
electrolytic liquid is sealed within the closed-cell
structure, so that leakage of the electrolytic liquid
from the electrode is less likely to occur. Further,
it is presumed that the closed-cell structure also
functions as a buffer structure for controlling the.
amount of the electrolytic liquid in the continuous
solid polymer matrix.

In the electrode of the present invention, it is
preferred that the volume percentage of closed cells
contained in the binder which comprises a closed-cell

cellular polymer foam, be from 5 to 90 %, based on the
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entire volume of the binder (prior to the impregnation
with an electrolytic liquid). The electrode comprising
such a binder is impregnated with an electrolytic
liquid so that the electrode can be used as an elec-
trode for a battery. When the volume percentage of the
closed cells contained in the binder is less than 5 %,
based on the entire volume of the binder (prior to the
impregnation with an electrolytic liquid), the effect
of the electrode of the present invention is not fully
attained. When the volume percentage of the closed
cells contained in the binder is more than 90 %, based
on the entire volume of the binder (prior to the im-
pregnation with an electrolytic liquid), it is likely
that the electrode obtained using the binder has too
large a thickness so that the energy density per unit
volume of a battery becomes low, that the strength of
the electrode after the impregnation with an electroly-
tic liquid becomes low, and that the electrical resist-
ance becomes high. In the present invention, the
volume percentage of the closed cells in the binder is
more preferably 85 % or less, most preferably 80 % or
less, on the above-mentioned basis. Closed cells in
the binder are enclosed by a resin or by a mixture of a
resin and a particulaté electrode material. As the

closed-cell cellular polymer foam used in the electrode
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of the present invention, a polymer foam which has
through-holes in addition to the closed cells can also
be used. When such a polymer foam is used, the volume
percentage of the through-holes is not included in the
volume percentage of the closed cells. It is preferred
that the volume percentage of the particulate electrode
material contained in the electrode of the present
invention be 20 to 70 %, based on the entire volume of
the electrode.

The cross-section of each of closed cells con-
tained in a closed-cell cellular polymer foam used in
the electrode of the present invention may take various
shapes, such as circular, elliptic and polygonal
shapes. The preferable size of the closed cell may
vary depending upon the objective of the use of the
electrode. The closed cell generally has a size of
from 0.1 to 100 uym, more preferably from 1 to 50 um, in
termé of the average value of the long axis and short
axis of each closed cell.

When the binder (polymer foam) in the electrode is
impregnated with an electrolytic liquid comprising an
electrolyte and a solvent for the electrolyte, the
electrolyte and the solvent are incorporated in the
polymer, so that the binder is converted to an ion-

conductive material comprising the polymer, the elec-
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trolyte and the solvent. Alternatively, an electrolyte
and/or a solvent for the electrolyte may be first
incorporated in the binder and then, the resultant
binder may be impregnated with an additional electroly-
tic liquid to supplement and/or replace the original
electrolyte and/or solvent. It is necessary that the
solvent for an electrolyte do substantially not dis-
solve the polymer, and various combinations of polymers
and solvents, which satisfy this requirement, can be
used. When the electrode of the present invention is
intended to be used for a lithium battery or a lithium
ion battery, a solution of a lithium salt in a non-
aqueous solvent is used as the electrolytic liquid. 1In
this case, as polymer materials for the binder, those
which are described above as being suitable materials
for a closed-cell cellular polymer foam used in the
hybrid polymeric electrolyte of the preéent invention
are used.

The binder can be prepared according to the meth-
ods described above in connection with the preparation
of a closed-cell cellular polymer foam. Examples of
such methods include a method in which a foaming agent
is incorporated into a molded polymer, and the result-
ant polymer is heated under atmospheric or reduced

pressure, so that a foaming of the polymer is performed
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by a gas generated by vaporization or decomposition of
the foaming agent; and a method in which a mixture of a
polymer and a foaming agent is molded, and then the
resultant molded product is foamed. During or after
the molding, a polymerizable monomer or crosslinking

agent may be blended with the polymer to effect a

- polymerization or crosslinking reaction of the monomer,

or the polymer may be irradiated with electron beams,
7-ray or ultraviolet ray to effect a crosslinking
reaction of the polymer. The above polymerization and
crosslinking reactions increase the strength of the
polymer foam produced.

Further, an electroconductive filler may be added
to the binder in order to promote the transportation of
electrons in an electrode active material. As the
electroconductive filler, a carbonaceous material
filler, such as carbon black, acetylene black or graph-
ite, a metallic filler and an electroconductive ceramic
filler can be used.

When the hybrid polymeric electrolyte of the
present invention is used (in a battery) in the form of
a laminate structure of electrode/hybrid polymeric
electrolyte/electrode, the hybrid polymeric electrolyte
can serve as a separator. It is preferred that the

polymer foam for such a use comprise a vinylidene
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fluoride polymer having a crosslinked structure. -

| In the case of a lithium battery, the battery can
be obtained by preparing a laminate structure in which
the hybrid polymeric electrolyte of the present inven-
tion is sandwiched between a positive electrode and a
negative electrode. For example, units of a laminate
structure of positive electrode/hybrid polymeric elec-
trolyte/negative electrode can be laminated on one
another so as to have a sheet-like or roll-like struc-
ture. It is also possible to combine a plurality of
batteries in a manner such that the electrodes of the
individual batteries are connected in parallel or in
series. In general, in the case of a battery compris-
ing a solid electrolyte, the voltage can be increased
by increasing the number of batteries which are con-
nected in series. An ion conductor other than the
hybrid polymeric electrolyte may be inserted between
and brought into contact with the electrodes and the
hybrid polymeric electrolyte, for the purpose of, e.g.,
achieving close interfacial contact and decreasing
interfacial resistance. If desired, means for connect-
ing electrical terminals to take or introduce electric
current, devices for controlling electric current or
voltage, and coatings for preventing moisture absorp-

tion of the above-mentioned battery unit and laminate
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structure and for protecting the battery unit and -
laminate structure, may be attached to the battery and
laminate structure.

The hybrid polymeric electrolyte of the present
invention has excellent properties, such as high ionic
conductivity, excellent flexibility, excellenf process-
ability, high mechanical strength, and high electro-
chemical stability. Therefore, the hybrid polymeric
electrolyte of the present invention can be advan-
tageously used not only in a lithium battery and a
lithium secondary battery, but also in various electro-
chemical devices, such as a photoelectrochemical bat-
tery, an electrochemical sensor and an electrical

double layer capacitor.
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BEST MODE FOR CARRYING OUT THE INVENTION

The present invention will be described in more
detail with reference to Examples and Comparative
Examples, which should not be construed as limiting
the scope of the present invention.

In the Examples and Comparative Examples, the
irradiation of electron beams was performedlat room
temperature, using Curetron EBC-200-AA2 (acceleration
voltage : 200 kV, electron current : 20 mA) manufac-
tured and sold by Nissin High Voltage Co., Ltd., Japan.

In the Examples and Comparative Examples, the
measurement of volume percentage of liquid-phase do-
mains of hybrid polymeric electrolyte and evaluation of
oxidation-reduction stability of hybrid polymeric
electrolyte were conducted by the following methods.

(i) Measurement of volume percentage of liquid-phase

domains of hybrid polymeric electrolyte

A sheet of hybrid polymeric electrolyte was frozen
with liquid nitrogen, and cut with a razor along three
planes (X-Z plane, Y-Z plane and X-Y plane of the X, Y,
Z coordinates wherein the X-Z plane_and Y-Z plane are
taken along a thicknesswise direction of the sheet)
which are perpendicular to one another, to obtain a
sample having first, second and third cross-sections

corresponding, respectively, to the X-Z, Y-Z and X-¥
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planes. Each of the first, second and third cross- -
sections of the sample was examined by a reflecting
optical microscope (Olympus BH-2 metallurgical micro-
scope, manufactured and sold by Olympus Optical Co.
Ltd., Japan). With respect to each of the first,
second and third cross-sections of the sample, cross-
sections of liquid-phase domains, which were dispersed
in the continuous solid-phase domain, were examined to
determine the percentages of the total area of cross-
sections of the liquid-phase domains, based on the area
of each cross-section of the sample. The average of
the percentages of the respective total areas of cross-
sections of the liquid-phase domains, obtained with
respect to the first, second and third cross-sections
of the sample, was taken as the volume percentage of
the liquid-phase domains of the hybrid polymeric elec-
trolyte.

(ii) Evaluation of oxidation-reduction stability

One side of a hybrid polymeric electrolyte sheet
was covered with a stainless steel sheet, and the
halves of the other side of the sheet were respectively
covered with 2 metallic lithium sheets, to thereby
obtain an electrochemical cell. The electrochemical
cell was subjected to a potential sweep according to

cyclic voltammetry, using the stainless steel sheet as
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the working electrode and using the 2 metallic lithium
sheets as the counter electrode and the reference
electrode, respectively. The potential sweep was
conducted-under measurement conditions such that the
sweep rate was 5 mV/second, the range of sweep poten-
tial was from 0 to 5 V{(vs Li/Li+), and measuring appar-
atuses were function generator Model HA-303 and dual
potentiogalvanostat Model HB-104 (both manufactured and
sold by Hokuto Denko Corporation, Japan). Results of
the potential sweep were examined as to whether or not
a current peak due to oxidation or reduction had oc-
curred. When no current peak due to oxidation or
reduction is observed, it indicates that the hybrid
polymeric electrolyte is electrochemically stable.
Example 1

A hexafluoropropylene/vinylidene fluoride copolym-
er resin (hexafluoropropylene content: 5 % by weight)
was subjected to extrusion molding at an extrusion die
temperature of 230 °C by means of an extrusion molding
machine (manufactured and sold by Toshiba Machine Co.
Ltd., Japan), thereby obtaining a molded sheet having a
thickness of 150 pum. For effecting a crosslinking
reaction, the obtained molded sheet was irradiated with
electron beams so that the irradiation dose became 10

Mrads. Then, the irradiated sheet was subjected to
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vacuum drying at 60 °C, while removing HF gas generated
by the drying. Subsequently, the sheet was further
irradiated with electron beams so that the irradiation
dose became 15 Mrads. The sheet was then immersed in a
mixture of flon HFCl34a and water (flon/water weight
ratio: 99/1) and the whole was allowed to stand at

2 for 24 hours in a

70 °C under a pressure of 20 kg/cm
sealed vessel so as to impregnate_the sheet with the
mixture of flon HFCl34a and water (flon/water mixture
content in the resultant impregnated sheet: 6.5 % by
weight). Subsequently, the sheet was taken out from
the vessel and immediately heated at 180 °C (furnace
temperature : 210 °C) for 10 seconds, thereby foaming
the sheet to obtain a white foamed sheet having a
thickness of 270 pm (expansion ratio: 8 times). The
volume percentage of the closed cells contained in the
foamed sheet was 87 %, based on the entire volume of
foamed sheet [as measured by an air comparison pycnome-
ter (Model 930, manufactured and sold by Toshiba Beck-
man, Japan)]. .

The foamed sheet was placed in a non-aqueous
electrolyte solution obtained by dissolving lithium
tetrafluoroborate (LiBF,) in a mixed solvent of ethy-
lene carbonate (EC), propylene carbonate (PC) and 7-

butyrolactone( y-BL) (EC/PC/7-BL weight ratio = 1/1/2,
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and LiBF4 concentration: 1 mol/liter), and kept therein
for 2 hours at 100 °C so as to impregnate the foamed
sheet with the non-aqueous electrolytic solution,
thereby obtaining a swollen foamed sheet as a hybrid
polymeric electrolyte. The obtained hybrid polymeric
electrolyte had a thickness of 350 pm.

The volﬁme percentage of the liquid-phase domains
of the hybrid polymeric electrolyte was 64.7 %. Spe-
cifically, in the first, second and third cross-sec-
tions of the sample, the percentages of the total area
of cross-sections of the 1iquia-phase domains were,
respectively, 65 %, 65 % and 64 %, based on the area of
each cross-section. In each of the first, second and
third cross—-sections of the sample, circular cross-
sections of liquid-phase domains, which were uniformly
dispersed in the continuocus solid-phase domain and each
had a size of from 5 to 15 pm in terms of the average
value of the long axis and short axis of each domain,
were observed. There was no liquid-phase domain commu-
nicating with the original surface of the hybrid poly-
meriq éléctrolyte.

The amount of the non-aqueous electrolyte solution
in the hybrid polymeric electrolyte was 85 % by weight,
as calculated from the weight difference between the

foamed sheet (before the impregnation of the non-
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aqueous electrolyte solution) and the hybrid polymeric
electrolyte.

When the hybrid polymeric electrolyte was subject-
ed to measurement of water permeability by a method in
which the hybrid polymeric electrolyte was first im-
mersed in ethanol for 4 hours and then in water for 1
hour, and then cut into a disc having a diameter of 25
mm; the obtained disc was held by a membrane holder
having an effective area of 3.5 cmz; and a static water
pressure of 1 atm at 26 °C was applied to the disc held
by the membrane holder, it was found that the disc had
no water permeability.

When the hybrid polymeric electrolyte was subject-
ed to measurement of a glass transition temperature by
differential thermal analysis, it was found that it had
a glass transition temperature of -102 °C. Since it
had previously been found that the foamed sheet (before
the impregnation of the electrolyte solution ) had a
glass transition temperature of -51 °C, it was con-
firmed that the continuous solid polymer matrix of the
hybrid polymeric electrolyte was impregnated with the
electrolytic solution.

When the oxidation-reduction stability of the
hybrid polymeric electrolyte was evaluated by cyclic

voltammetry over a sweep potential range of from O to 5
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vV (vs Li/Li+), it was found that no current peak due to
oxidation or reduction was observed except for a reduc-
tion current observed in the potential range of less
than 0.5 V, indicating that the hybrid polymeric elec-
trolyte is electrochemically stable over the potential
range of from 0.5 to 5 V.

A sample of the obtained hybrid polymeric electro-
lyte sheet, having a size of 1 cm x 1 cm, was sand-
wiched between two stainless steel sheets each having a
thickness of 10 pym, a length of 60 mm and a width of
6 mm, thereby obtaining a laminate structure. The
sandwiched hybrid polymeric electrolyte sheet was
subjected to measurement of an alternating-current
impedance, using the above two stainless steel sheets
as electrodes. (The alternating-current impedance was
measured by means of impedance measurement apparatus
Model 398 manufactured and sold by Seiko EG&G, Japan;
measurement frequency : 100 kHz - 1 Hz.) The ionic
conductivity value was calculated from the real part of
the complex impedance expressed in the form of a Nyqu-
ist plot. As a result, it was found that the ionic

conductivity was 2.8 x 10~3 S/cm.

Example 2

A hexafluoropropylene/vinylidene fluoride copolym-
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er resin (hexafluoropropylene content: 5 % by weight)
was subjected to extrusion molding in substantially the
same manner as in Example 1, thereby obtaining a molded
sheet having a thickness of 50 pym. The obtained molded
sheet was irradiated with electron beams so that the
irradiation dose became 10 Mrads. The sheet was then
immersed in a mixture of flon HFCl134a and water in a
vessel in substantially the same manner as in Example 1
so as to impregnate the sheet with the mixture of flon
HFCl1l34a and water (floﬂ/water mixfure content in the
resultant impregnated sheet: 5 % by weight). Subse-
guently, the sheet was taken out from the vessel and
immediately heated at 180 °C (furnace temperature:

210 °C) for 5 seconds, thereby foaming the sheet to
obtain a white foamed sheet having a thickness of 72 um
(expansion ratio: 3 times). The volume percentage of
the closed cells contained in the foamed sheet was

68 %, based on the entire volume of foamed sheet [as
measured by an air comparison pycnometer (Model 930,
manufactured and sold by Toshiba Beckman, Japan)].

The foamed sheet was placed in a non-aqueous
electrolytic solution obtained by dissolving lithium
tetrafluoroborate (LiBF,;) in a mixed solvent of ethy-
lene carbonate (EC), propylene carbonate (PC) and 7-

butyrolactone (7-BL) (EC/PC/7?-BL weight ratio =
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1/1/2, and LiBF, concentration: 1 mol/liter), and kept
therein for 3 hours at 100 °C so as to impregnate the
foamed sheet with the non-aqueous elecfrclytic solu-
tion, thereby obtaining a swollen foamed sheet as a
hybrid polymeric electrolyte. The obtained hybrid
polymeric electrolyte had a thickness of 120 pm.

A sample for observing cross-sections was obtained
from the hybrid polymeric electrolyte sheet in substan-
tially the same manner as in Example 1, and each of the
first, second and third cross-sections of the sample
was examined. As a result, in the first, second and
third cross-sections of the sample, circular cross-
sections of liquid-phase domains, which were uniformly
dispersed in the continuous solid-phase domain and each
had a size of from 3 to 12 pm in terms of the average
value of the long axis and short axis of each domain,
were observed. In the first, second and third cross-
sections of the sample, the percentages of the total
cross—-sectional areas of the liquid-phase domains were,
respectively, 54 %, 48 % and 53 %, based on the area of
each cross-section of the sample. From these results,
it was found that the volume percentage of the liquid-
phase domains.in the hybrid polymeric electrolyte was
51.7 %. It was also found that any of the first,

second and third cross-sections of the sample showed no
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liquid-phase domain communicating with the original -
surface of the sheet.

The amount of the non-aqueous electrolyte solution
in the hybrid polymeric electrolyte was 74 % by weight,
as calculated from the weight difference between the
foamed sheet (before the impregnation of the non-
aqueous electrolyte solution) and the hybrid polymeric
electrolyte.

The hybrid polymeric electrolyte was subjected to
measurement of water permeability in the same manner as
in Example 1. As a result, it was found that the
hybrid polymeric electrolyte had no water permeability.

The oxidation-reduction stability of the hybrid
polymeric electrolyte was evaluated in the same manner
as in Example 1. As a result, it was found that no
current peak due to oxidation or reduction was observed
in a potential range of from 0.7 to 5 V, indicating
that the hybrid polymeric electrolyte is electrochemi-
cally stable over the potential range of from 0.7 to 5§
V.

A sample of the obtained hybrid polymeric electro-
lyte sheet, having a size of 1 cm x 1 cm, was sand-
wiched between two stainless steel sheets, thereby
obtaining a laminate structure. 1In the same manner as

in Example 1, the sandwiched hybrid polymeric electro-
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lyte sheet was subjected to measurement of an alternat-
ing-current impedance, using two stainless steel sheets
as electrodes. The ionic conductivity value was calcu-
lated from the real part of the complex impedance
expressed in the form of a Nyquist plot. As a result,
it was found that the ionic conductivity was 3.9 x 10~3
S/cm.

The above laminate structure comprised of the
hybrid polymeric electrolyte sheet sandwiched between
stainless steel sheets was further sandwiched between
two alumina plates each having a thermocouple embedded
therein, and the resultant structure was héld in a
hydraulic press having heafer means. Then, the hybrid
polymeric electrolyte was subjected to measurement of
an alternating-current impedance while gradually ele-
vating the temperature of the laminate structure with
the heater means from room temperature to 220 °C, and a
change in the alternating-current impedance in ‘accor-
dance with the temperature elevation was measured. The
alternating-current impedance was measured by means of
LCR meter (manufactured and sold by Hioki Ltd., Japan;
measurement frequency: 1 kHz). As a result, a smooth
change in the alternating-current impedance was ob-
served over the temperature range of from room tempera-

ture to 220 °C.
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After the above measurement of the change in the
alternating-current impedance over the temperature
range of room temperature to 220.°C, the alumina plates
and stainless steel sheets were removed from the hybrid
polymeric electrolyte sheet, and the hybrid polymeric
electrolyte sheet was examined. As a result, no dis-
tortion of the hybrid polymeric electrolyte sheet was
observed. Therefore, it was found that the hybrid
polymeric electrolyte sheet does not suffer heat dis-
tortion at a temperature of at least 220 °C or less,

indicating that it has excellent heat resistance.

Example 3

Powder of lithium cobalt oxide (LiCoO,; average
particle diameter: 10 um), carbon black and poly(viny-
lidene fluoride) as a binder were mixed in a 5% by
weight solution of poly(vinylidene fluoride) in N~
methylpyrrolidone (NMP), so that the weight percentages
of LiCoO,, carbon black and poly(vinylidene fluoride)
(dry weight) became 85 %, 8 % and 7 %, respectively,
based on the total weight of thé LiCo0,, carbon black
and poly(vinylidene fluoride). The resultant mixture
was applied onto an aluminum sheet and allowed to dry,
thereby obtaining a coating having a thickness of

115 ym on the aluminum sheet (as a positive electrode).
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Powder of needle coke (NC) having an average -
particle diameter of 12 pym was homogeneously mixed with
a 5% by weight solution of poly(vinylidene fluoride) in
NMP, thereby obtaining a slurry (NC/polymer dry weight
ratio = 92 : 8). The obtained slurry was applied onto
a copper sheet by doctor blade method and allowed to
dry, thereby obtaining a coating having a thickness of
125 ym on the copper sheet (as a negative electrode).

The hybrid polymeric electrolyte sheet prepared in
Example 2 was sandwiched between the coated sides of
the above-prepared NC negative electrode and LiCoO,
positive electrode so that the non-coated sides of the
current collectors of the positive and negative elec-
trodes were exposed, and the hybrid polymeric electro-
lyte sheet and the electrodes were pressed against each
other at 120 °C, thereby obtaining a laminate struc-
ture. Stainless steel sheets (as electric terminals
for taking a current) were brought into contact with
the respective current collectors of the positive and
negative electrodes of the laminate structure, and the
laminate structure was further laminated with a poly-
ethylene/aluminum/polyethylene terephthalate laminate
sheet having a thickness of 50 pm, thereby obtaining a
sheet-shaped battery.

The electric terminals of the battery were con-
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nected to a charge/discharge testing device (Model
101sM, manufactured and sold by Hokuto Denko Corpora-

tion, Japan), and the battery was subjected to

charge/discharge cycle testing at a current density per

surface area of the electrodes of 1 mA/cmz. The charg-
ing operation was conducted at a constant potential of
4.2 V. After the charging operation, the potential
between the electrodes was 4.2 V. The discharging
operation was conducted at a constant current, and
discontinued when the electric potential was decreased
to 2.7 V. As a result of the charge/discharge testing,
it was found that the discharge/charge efficiency
(ratio) of the first cycle was 80 %, and that the
discharge capacity of the first discharge was 212 mAh/g
of the carbon in the negative electrode. It was also
found that, with respect to the cycles after the first
cycle, the discharge/charge efficiency (ratio) was 98 %
or more, and that in the discharge capacity of the 10th
cycle was 195 mAh/g of the carbon in the negative
electrode. These results show that this battery is
capable of being repeatedly charged and discharged and

hence operable as a secondary battery.

Comparative Example 1

10 g of pellets of a hexafluoropropylene/vinyli-
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dene fluoride copolymer resin (hexafluoropropylene -
content: 5 % by weight) prepared in Example 1, 40 g of
acetone and 30 g of a non-aqueous electrolytic solution
obtained by dissolving LiBF, in a mixed solvent of
ethylene carbonate (EC), propylene carbonate (PC) and

7 -butyrolactone (7-BL) (EC/PC/7-BL weight ratio =
1/1/2, and LiBF4 concentration: 1 mol/liter) were mixed
together, followed by heating at 60 °C for 6 hours,
thereby obtaining a homogeneous solution. The obtained
homogeneous solution was applied onto a glass plate in
an atmosphere of argon gas and acetone was allowed to
evaporate, thereby obtaining a hybrid polymeric elec-
trolyte sheet on the glass plate.

The hybrid polymeric electrolyte sheet was removed
from the glass plate and a sample for observing cross-
sections was prepared from the removed hybrid polymeric
electrolyte sheet in substantially the same manner as
in Example 1, and each of the first, second and third
cross-sections of the sample was examined. As a re-
sult, it was found that each of the first, second and
third cross-sections had a solid-phase domain only and
no liquid-phase domain having a size of 1 pm or more,
that is, the volume percentage of the liquid-phase
domains in the hybrid polymeric electrolyte was 0 %.

A sample of the obtained hybrid polymeric electro-
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lyte sheet, having a size of 1 cm x 1 cm, was sand-
wiched between two stainless steel sheets, thereby
obtaining a laminate structure. In the same manner as
in Example 1, the sandwiched hybrid polymeric electro-
lyte sheet was subjected to measurement of an alternat-
ing-current impedance, using two stainlesé steel sheets
as electrodes. The ionic conductivity was calculated
from the real part of the complex impedance expressed
in the form of a Nyquist plot. As a result, it was
found that the ionic conductivify was 0.9 x 1073 S7cm.
The above laminate structure comprised of the
hybrid polymeric electrolyte sheet sandwiched between
stainless sheets was further sandwiched between two
alumina plates each having a thermocouple embedded
therein, and the resultant structure was held in a
hydraulic press having heater means. Then, the hybrid
polymeric electrolyte was subjected to measurement of
an alternating-current impedance.while gradually ele-
vating the temperature of the laminate structure with
the heater means from room temperature to 110 °C, and a
change in the alternating-current impedance in accor-
dance with the temperature elevation was measured. The
alternating-current impedance was measured by means of
LCR meter (manufactured and sold by Hioki Ltd., Japan;

measurement frequency: 1 kHz). As a result, a smooth
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change in the alternating-current impedance was ob-
served over the temperature range of from room tempera-
ture to 110 °C, while at the temperature of 110 °C, a
drastic decrease of resistance was observed. At the
same time, leakage of molten substance between two
electrodes was also observed. Therefore, it is under-
stood that the drastic decrease of resistance was due
to the thickness.decrease of the hybrid polymeric
electrolyte sheet resulting from melt distortion of the
hybrid polymeric electrolyte sheet. -
After the above measurement of the change in the
alternating~-current impedance over the temperature
range of.room témperature to 110 °C, the alumina plates
and stainless steel sheets were removed from the hybrid
polymeric electrolyte sheet, and the hybrid polymeric
electrolyte sheet was examined. As a result, a melt
flow of the hybrid polymeric electrolyte sheet was
observed. Therefore, it was found that the hybrid

polymeric electrolyte sheet has poor heat resistance.

Example 4

A hexafluoropropylene/vinylidene fluoride copolym-
er resin (hexafluoropropylene content: 5 % by weight)
was subjected to extrusion molding in substantially the

same manner as in Example 1, thereby obtaining a molded
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sheet having a thickness of 50 pym. The obtained molded
sheet was irradiated with electron beams so that the
irradiation dose became 10 Mrads. The sheet was then
immersed in a mixture of flon HFCl34a and water in a
vessel in substantially the same manner as in Example 1
so as to impregnate the sheet with the mixture of flon
HFCl134a and water (flon/water mixture content in the
resultant impregnated sheet: 5 % by weight) in a ves-
sel. Subsequently, the sheet was taken out from the
vessel and immediately heated at 180 °C (furnace tem-
perature: 210 °C) for 5 seconds, thereby foaming the
sheet to obtain a white foamed sheet having a thickness
of 72 pm (expansion ratio: 3 times). The volume per-
centage of the closed cells contained in the foamed
sheet was 68 %, based on the entire volume of foamed
sheet {as measured by an air comparison pycnometer
(Model 930, manufactured and sold by Toshiba Beckman,
Japan)]. Subsequently, the sheet was further irradiat-
ed with electron beams so that the irradiation dose
became 15 Mrads. The sheet was then immersed in NMP in
a vessel and the whole was heated at 90 °C for 3 hours.
The heated sheet was examined with respect to the melt
property, and it was found that the sheet was not
distorted. Subsequently, the sheet was taken out from

the vessel and washed with acetone, thereby obtaining a
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dried sheet. The weight of the dried sheet was meas-
ured, and from the weight of the dried sheet, the
weight percentage of the crosslinked polymer segment
which was effected by irradiation of beams was ob-
tained. The weight percentage of the crosslinked
polymer segment was 55%.

The sheet was placed in a non-aqueous electrolytic
solution obtained by dissolving lithium tetrafluorobo-
rate (LiBF4) in a mixed solvent of ethylene carbonate
(EC), propylene carbonate (PC) and 7-butyrolactone
(r-BL) (EC/PC/7-BL weight ratio = 1/1/2, and LiBFy
concentration: 1.5 mol/liter), and kept therein for 2
hours at 100 °C so as to impregnate the foamed sheet
with the non-aqueous electrolytic solution, thereby
obtaining a swollen foamed sheet as a hybrid polymeric
electrolyte. The obtained hybrid polymeric electrolyte
had a thickness of 105 um.

A sample for observing cross-sections was obtained
from the hybrid polymeric electrolyte sheet in substan-
tially the same manner as in Example 1, and each of the
first, second and third cross-sections of the sample
was examined. As a result, in the first, second and
third cross-sections of the sample, circular cross-
sections of liquid-phase domains, which were uniformly

dispersed in the continuous solid-phase domain and each
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had a size of from 2 to 10 ym in terms of the average
value of the long axis and short axis of each domain,
were observed. In the first, second and third cross-
sections of the sample, the percentages of the total
cross-sectional areas of the liquid-phase domains were,
respectively, 51 %, 48 % and 45 %, based on the area of
each cross-section of the sample. From these results,
it was found that the volume percentage of the liquid-
phase domains in the hybrid polymeric electrolyte was
48 %. It was also found that any of the first, second
and third cross-sections of the sample showed no liqg-
uid-phase domain communicating with the original sur-
face of the sheet.

The amount of the non-aqueous electrolyte solution
in the hybrid polymeric electrolyte was 76 % by weight,
as calculated from the weight difference between the
foamed sheet (before the impregnation of the non-
agueous elecfrolyte solution) and the hybrid polymeric
electrolyte.

A sample of the obtained hybrid polymeric electro-
lyte sheet, having a size of 1 cm x 1 cm, was sand-
wiched between two stainless steel sheets, thereby
obtaining a laminate structure. 1In the same manner as
in Example 1, the sandwiched hybrid polymeric electro-

lyte sheet was subjected to measurement of an alternat-



10

15

20

25

95

ing-current impedance, using two stainless steel sheets
as electrodes. The ionic conductivity value was calcu-
lated from the real part of the complex impedance
expressed in the form of a Nyquist plot. As a result,
it was found that the ionic coﬁductivity was 3.2 x 1073
S/cm.

The above laminate structure comprised of the
hybrid polymeric electrolyte sheet sandwiched between
stainless sheets was further sandwiched between two
alumina plates each having a thermocouple embedded
therein, and the resultant structure was held in a
hydraulic press having heater means. Then, the hybrid
polymeric electrolyte was subjected to measurement of
an alternating-current impedance while gradually ele-
vating the temperature of the laminate structure with
the heater means from room temperature to 220 °C, and a
change in the alternating-current impedance in accor-
dance with the temperature elevation was measured. The
alternating-current impedance was measured by means of
LCR meter (manufactured and sold by Hioki Ltd., Japan;
measurement frequency: 1 kHz). As a result, a smooth
change in the alternating-current impedance was ob-
served over the temperature range of from room tempera-
ture to 220 °C.

After the above measurement of the change in the
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alternating-current impedance over the temperature
range of room temperature to 220 °C, the alumina plates
and stainless steel sheets were removed from the hybrid
polymeric electrolyte sheet, and the hybrid polymeric
electrolyte sheet was examined. As a result, no dis-
tortion of the hybrid polymeric electrolyte sheet was
observed. Therefore, it was found that the hybrid
polymeric electrolyte sheet does not suffer heat dis-
tortion at a temperature of at least 220 °C or less,

indicating that it has excellent heat resistance.

Example 5

The foamed polymer sheet prepared in Example 4 was
sandwiched, in substantially the same manner as in
Example 3, between the NC negative electrode and the
LiCoO, positive electrode both obtained in Example 3
and the foamed polymer sheet and the electrodes were
pressed against each other at 120 °C, thereby obtaining
a laminate structure.

Stainless steel sheets (as electric terminals for
taking a current) were brought into contact with the
respective current collectors of the positive and
negative electrodes of the laminate structure, and the
laminate structure was further laminated with a poly-

ethylene/aluminum/polyethylene terephthalate laminate
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sheet having a thickness of 50 um, thereby obtaining a
sheet-shaped battery.

The obtained battery was subjected to
charge/discharge cycle testing in the same manner as in
Example 3. As a result, it was found that the dis-
charge/charge efficiency (ratio) of the first cycle was
79 %, and that the discharge capacity of the first dis-
charge was 211 mAh/g of the carbon in the negative
electrode. It was also found that, with respect to the
cycles after the first cycle, the discharge/charge
efficiency (ratio) was 99% or more. These results show
that this battery is capable of being repeatedly
charged and discharged and hence operable as a second-

ary battery.

Example 6

- The electrolyte-non-impregnated, crosslinked
foamed polymer sheet prepaféd in Example 1 was sand-
wiched between the NC negative electrode and the LiCo0,
positive electrode both obtained in Example 3 so that
the non-coated sides of the current collectors of the
positive and negative electrodes were exposed, and the
crosslinked foamed polymer sheet and the electrodes
were pressed against each other at 120 °C, thereby

obtaining a laminate structure. The current collectors
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of the positive and negative electrodes of the laminate
structure were perforated with a needle so that the
current collectors had 400 holes (each having a diamet-

2 of the exposed, non-coated sides

er of 150 pm) per cm
of the current collectors.

The laminate structure was placed in a non-aqueous
electrolyte solution obtained by dissolving lithium
tetrafluoroborate (LiBF4) in a mixed solvent of ethy-
lene carbonate (EC), propylene carbonate (PC) and 7-
butyrolactone( y-BL) (EC/PC/7-BL weight ratio = 1/1/2,
and LiBF, concentration: 1.5 mol/liter), and kept
therein for 2 hours at 100 °C so as to impregnate the
laminate structure with the non-aqueous electrolytic
solution, thereby obtaining a laminate structure con-
taining a swollen foamed sheet as a hybrid polymeric
electrolyte.

Stainless steel sheets (as electric terminals for
taking a current) were brought into contact with the
respective current collectors of the positive and
negative electrodes, and the laminate structure was .

then futher laminated with a polyethylene/aluminum/

polyethylene terephthalate laminate sheet having a

thickness of 50 ym. The resultant laminate structure

was inserted in a packaging bag so that the other end

portion of each stainless steel electric terminal is
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positioned outside of the packaging bag, and the open-
ing of the bag was sealed by means of a heat vacuum
sealer at 120 °C while keeping the inside of the bag
under reduced pressure, thereby obtaining a battery.
The obtained battery was subjected to charge/discharge
cycle testing (current density per surface area of the
electrodes: 1 mA/cmz) in the same manner as in Example
3. As a result, it was found that the discharge/
charge efficiency (ratio) of the first cycle was 82 %,
and that the discharge capacity of the first discharge
was 210 mAh/g of the carbon in the negative electrode.
It was also found that, with respect to the cycles
after the first cycle, the discharge/charge efficiency

(ratio) was 98 % or more, and that the discharge

~capacity of the 100th cycle was 84 % of the discharge

capacity of the first cycle. These results show that
this battery is capable of being repeatedly charged
and discharged and hence operable as a secondary

battery.

Example 7

A hexafluoroporpylene/vinylidene fluoride copolym-
er resin (hexafluoropropylene content: 5 % by weight)
was subjected to extrusion molding in substantially the

same manner as in Example 1, thereby obtaining a molded
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sheet having a thickness of 50 pm. For effecting a
crosslinking reaction, the obtained molded sheet was
irradiated with electron beams so that the irradiation
dose become 10 Mrads. The irradiated sheet was then
immersed in a mixture of flon HFCl34a and water in a
vessel in substantially the same manner as in Example 1
so as to impregnate the sheet with the mixture of flon
HFC134a and water (flon/water mixture content of the
resultant impregnated sheet: 5% by weight). Subse-
quently, the sheet was taken out from the vessel and
immediately heated at 180 °C (furnace temperature : 210
°C) for 5 seconds, thereby foaming the sheet to obtain
a white foamed sheet having a thickness of 68 pm. The
volume percentage of the closed cells contained in the
foamed sheet was 70 % by volume, based on the entire
volume of the foamed sheet [as measured by an air
comparison pycnometer (Model 930, manufactured and sold
by Toshiba Beckman, Japan)].’

The foamed sheet was sandwiched between two stain-
less steel sheets, thereby obtaining a laminate struc-
ture. The sandwiched foamed sheet was placed in a non-
agqueous electrolytic solution obtaiﬁed by dissolving
lithium tetrafluorocborate (LiBF4) in a mixed solvent of
ethylene carbonate (EC) aﬁd propylene carbonate (PC)

(EC/PC weight ratio =1/1, and LiBF, concentration: 1
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mol/liter), and kept therein for 3 hours at 100 °C so
as to impregnate the sandwiched foamed sheet with the
non-agueous electrolytic solution, thereby obtaining a
swollen foamed sheet as a hybrid polymeric electrolyte.
The obtained hybrid polymeric electrolyte had a thick-
ness of 95 um.

A sample for observing cross-sections was obtained
from the hybrid polymeric electrolyte sheet in substan-
tially the same manner as in Examéle 1, and each of the
first, second and third cross-sections of the "sample
was examined. As a result, in the first, second and
third cross-sections of the sample; circular cross-
sections_of ligquid-phase domains, which were uniformly
dispersed in the continuous solid-phase domain and each
had a size of from 2 to 9 um in terms of the average
value of the long axis and short axis of each domain,
were observed. In the first, second and third cross-
sections of the sample, the percentages of the total
cross-sectional areas of the liquid-phase domains were,
respectively, 38 %, 30 % and 35 %, based on the area of
each cross-section of the sample. From these results,
it was found that the volume percentage of the liquid-
phase domains in the hybrid polymeric electrolyte was
34.3 %. It was also found that any of the first,

second and third cross-sections of the sample showed no
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liguid-phase domain communicating with the original
surface of the sheet.

The hybrid polymeric electrolyte was subjected to
measurement of water permeability in the same manner as
in Example 1. As a result, it was found that the
hybrid polymerie electrolyte had no water permeability.

The amount of the non-agqueous electrolytic solu-
tion in the hybrid polymeric electrolyte was 75 % by
weight, as calculated from the weight difference bet-
ween the foamed sheet (before the imbregnation of the
non- aqueous electrolyte solution) and the hybrid
polymeric electrolyte.

In the same manner as in Example 1, the hybrid
polymeric electrolyte sheet was subjected to measure-
ment of an alternating-current impedance, using two
stainless sheets as electrodes. As a result, it was
found that the ionic conductivity value of the hybrid
polymeric electrolyte sheet as measured at room temper-
ature was 3.4 x 10~3 S/cm. The hybrid polymeric elec-
trolyte sheet was heated to 150 °C and then, cooled to
room temperature. Then, the obtained hybrid polymeric
electrolyte sheet was subjected to measurement of an
alternating—eurrent impedance again. As a result, it
was found that the ionic conductivity was 3.5 x 10'3

S/cm. These results show that the ionic conductivity
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of the hybrid polymeric electrolyte sheet is hardly

changed by heat history.

Example 8

The LiCoO, positive electrode and NC negative
electrode (both obtained in Example 3) were individual-
ly cut into a sample having a size of 2 cm x 2 cm. The
electrolyte-non-impregnated, crosslinked foamed sheet
prepared in Example 7 was cut into a sample having a
size of 2.3 cm x 2.3 cm. The sample of the foamed
sheet was sandwiched between the two samples of elec-
trode sheets so that the non-coated sides of the cur-
rent collectors of the positive and negative electrodes
were exposed, and the crosslinked foamed sheet and the
electrodes were pressed against each other at 120 °C,
thereby obtaining a laminate structure. The obtained
laminate structure was placed in a non-aqueous electro-
lytic solution obtained by dissolving lithium tetra-
fluoroborate (LiBF4) in a mixed solvent of ethylene
carbonate (EC), propylene carbonate (PC) and 7-butyro-
lactone (7-BL) (EC/PC/7-BL weight ratio = 1/1/2, and
LiBF, concentration: 1 mol/ liter), and kept therein so
as to impregnate the laminate structure with the non-
aqueous electrolytic solution, thereby obtaining a

laminate structure containing a swollen foamed sheet as
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a hybrid polymeric electrolyte. The obtained impreg-
nated laminate structure was heated at 100 °C for 30
minutes to obtain a battery. By the heating, the color
of the swollen foamed sheet as a hybrid polymeric
electrolyte changed from white to transparency, which
shows that the impregnation of the foamed sheet with
the non-aqueous electrolytic solution was performed.
With respect to the swollen foamed sheet, there was
almost no change in size in a direction perpendicular
to the thicknesswise direction of the sheet, as com-
pared to the size of the non-impregnated foamed sheet.
Two stainless steel terminals were brought into
contact with the respective current collectors of the
positive and negative electrodes, and the battery was
laminated with a laminate sheet of polyethylene, alumi-

num and polyethylene terephthalate at 120 °C for 30

- seconds, thereby obtaining a sheet-shaped battery.

The obtained battery was subjected to charge/
discharge cycle testing (current density per surface
area of the electrodes: 1 mA/cmz) using a charge/dis-
charge testing device (Model 101SM6, manufactured and
sold by Hokuto Denko Corporation, Japan). The charging
operation was carried out at a constant potential of
4.2 V. After the charging operation, the potential

between the electrodes of the battery was 4.2 V.
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Accordingly, it was confirmed that the battery was
charged. The discharging operation was carried out at
a constant current, and discontinued when the potential
between the electrodes was decreased to 2.7 V. As a
result of the charge/discharge cycle testing, it was .
found that the discharge/charge efficiency (ratio) of
the first cycle was 78 %, and the discharge/charge
efficiency (ratio) of the cycles after the first cycle
was 99 ¥ or more. These results show that this battery
is capable of being repeatedly charged and discharged

and hence operable as a secondary battery.

Example 9

A hexafluoropropylene/vinylidene fluoride copolym-
er resin (hexafluoropropylene content: 5 % by weight)
was subjected to extrusion molding in substantially the
same manner as in Example 1, thereby obtaining a molded
sheet having a thickness of 168 um. For effecting a
crosslinking reaction, the obtained molded sheet was
irradiated with electron beams so that the irradiation
dose became 10 Mrads. Then, the irradiated sheet was
subjected to vacuum drying at 60 °C, while removing HF
gas generated by the drying, to thereby obtain polymer
sheet A.

The obtained polymer sheet A was then immersed in
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a mixture of flon HFCl134a and water in a vessel in
substantially the same manner as in Example 1 so as to
impregnate polymer sheet A with the mixture of flon
HFC1l34a and water. Subsequently, polymer sheet A was
taken out from the vessel and immediately heated at

180 °C (furnace temperature: 210 °C) for 10 seconds,
thereby foaming polymer sheet A, to thereby obtain a
white foamed sheet having a thickness of 401 um (expan-
sion ratio: 15 times) as polymer sheet B. The volume
percentage of the closed cells contained in ‘the foamed
sheet was 92 % by volume, based on the entire volume of
foamed sheet. Polymer sheet B was futher irradiated
with electron beams so that the irradiation dose became
30 Mrads. The irradiated foamed sheet was subjected to
vacuum drying at 60 °C, and cut into a sample having a
size of 30 mm x 30 mm.

The sample was placed in a non-agueous electroly-
tic solution obtained by dissolving lithium tetrafluor-
oborate (LiBF4) in a mixed solvent of ethylene car--
bonate (Ed), propylene carbonate (PC) and 7-
butyrolactone (7-BL) (EC/PC/7-BL weight ratio =
1/1/2, and LiBF4 concentration: 1 mol/liter), and kept
therein for 1 hour at 100 °C so as to impregnate the
sample with the non-aqueous electrolytic solution,

thereby obtaining a swollen foamed sheet as a hybrid
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polymeric electrolyte. The obtained hybrid polymeric
electrolyte had a size of 37 mm x 30 mm and a thickness
of 372 ym. The area of the electrolyte was 123 % of
the area of the sample prior to the impregnation with
the non-agqueous electrolytic solution.

A éample for observing cross-sections was obtained
from the hybrid polymeric electrolyte sheet in substan-
tially the same manner as in Example 1, and each of the
first, second and third cross-sections of the sample
was examined. As a result, in the first, second and
third cross-sections of the sample, circular cross-
sections of liquid-phase domains, which were uniformly
dispersed in the continuous solid-phase domain and each
had a size of from 2 to 25 pm in terms of the average
value of the long axis and short axis of each domain,
were observed. In the first, second and third cross-
sections of the sample, the percentages of the total
cross-sectional areas of the liquid-phase domains were,
respectively, 83 %, 78 % and 82 %, based on the area of
each cross-section of the sample. From these results,
it was found that the volume percentage of the liquid-
phase domains in the hybrid polymeric.electrolyte was
81 %. It was also found that any of the first, second
and third cross-sections of the sample showed no lig-

uid-phase domain communicating with the original sur-
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face of the sheet.

The hybrid polymeric electrolyte was subjected to
measuremenf of water permeability in the same manner as
in Example 1. As a result, it was found that the
hybrid polymeric electrolyte had no water permeability.

The amount of the non-aqueous electrolyte solution
in the hybrid polymeric electrolyte was 90 % by weight,
as calculated from the weight difference between the
foamed sheet (prior to the impregnation of the non-
aqueous electrolyte solution) and the hybrid polymeric
electrolyte.

The ionic conductivity value was calculated in the
same manner as in Example 1. As a result, it was found

that the ionic conductivity was 2.4 x 10~3 S/cm.

Comparative Example 2

The polymer sheet A prepared in Example 9 was cut
into a sample having a size of 30 mm x 30 mm. The
sample was impregnated with a non-aqueous electrolytic
solution in substantially the same manner as in Example
9, thereby obtaining a swollen foamed sheet as a hybrid
polymeric electrolyte. The obtained hybrid polymeric
electrolyte had a size of 58 mm x 40 mm and a thickness
of 335 uym. The area of the electrolyte was 240 % of

the area of the sample prior to the impregnation with
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the non-aqueous electrolytié solution. From the above,
the increase in the area of the sample by the impregna-

tion is markedly larger than that in Example 9.

Example 10

A powder of hexafluoropropylene/vinylidene fluo-
ride copolymer (hexafluoropropylene content: 5 % by
weight) was subjected to extrusion molding at 230 °C,
thereby obtaining a molded sheet having a thickness of
150 pm. The obtained molded sheet was irradiadted with

electron beams so that the irradiation dose became 10

Mrads. The irradiated sheet was then immersed in a

mixture of flon HFCl34a and water in a vessel in sub-
stantially the same manner as in Example 1 so as to
impregnate the sheet with the mixture of flon HFCl34a
and water (flon/water mixture content in the resultant
impregnated sheet: 7 % by weight). Subsequently, the
sheet was taken out from the vessel and immediately
heated at 180 °C (furnace temperature: 210 °C) for 10
seconds, thereby foaming the sheet to obtain a white
foamed sheet having a thickness of 280 um (expansion
ratio: 8 times). The obtained foamed sheet contained
closed cells having a diameter of from 10 to 15 um.
The wvolume percentage of the closed cells contained in

the foamed sheet was 83 %, based on the entire volume
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of the foamed sheet (as measured by an air comparison
pycnometer Model 930, manufactured and sold by Toshiba
Beckman, Japan).

The.foamed sheet was cut into a sample having a
size of 5 cm x 5 cm. The sample was placed in a mix-
ture of 50 ml of acetone and 50 ml of a non-agueous
electrolytic solution obtained by dissolving lithium
tetrafluorocborate (LiBF4) in a mixed solvent of ethy-
lene carbonate (EC) and propylene carbonate (PC) (EC/PC
weight ratio = 1/1, and LiBF,4 concentrations
1 mol/liter), and kept therein for 24 hours at 40 °C so
as to impregnate the sample with the non-agqueocus elec-
trolytic solution, thereby obtaining a swollen foamed
sheet. The obtained swollen foamed sheet was treated
at room temperature under a pressure of 10~3 Torr for
30 minutes. Thus, a hybrid polymeric electrolyte was
obtained. The obtained hybrid polymeric electrolyte
had a thickness of 320 ym and a size of § cm x 5 cm.

A sample for observihg cross-sections was obtained
from the hybrid polymeric electrolyte sheet in substan-
tially the same manner as in Example 1, and each of the
first, second and third cross-sections of the sample
was examined. As a result, in the first, second and
third cross-sections of the sample, circular cross-

sections of liquid-phase domains, which were uniformly
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dispersed in the continuous solid-phase domain and each
had a size of from 9 to 15 pm in terms of the average
value of the long axis and short axis of each domain,
were observed. In the first, second and third cross-
sections of the sample, the percentages of the total
cross-sectional areas of the liquid-phase domains were,
respectively, 78 %, 75 % and 80 %, based on the area of
each cross-section of the sample. From these results,
it was found that the volume percentage of the ligquid-
phase domains in the hybrid polymeric electrolyte was
78 ¥. It was also found that any of the first, second
and third cross-sections of the sample showed no lig-
uid-phase domain communicating with the original sur-
face of the sheet.

The hybrid polymeric electrolyte was subjected to
measurement of water permeability in the same manner as
in Example 1. As a result, it was found that the
hybrid polymeric electrolyté had no water permeability.

The amount of the non-aqueous electrolytic solu-
tion in the hybrid polymeric electrolyte was 85 % by
weight, as calculated from the weight difference bet-
ween the foamed sheet (prior to the impregnation of the
non-aqueous electrolytic solution) and the hybrid
polymeric electrolyte.

When the hybrid polymeric electrolyte was subject-
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ed to measurement of a glass transition temperature by
differential thermal analysis, it was found that it had
a glass transition temperature of -100 °C. Since it
had previously been found that the foamed sheet (prior
to the impregnation of the electrolyte solution) had a
glass transition temperature of -51 °C, it was con-
firmed that the continuous solid polymer matrix of the
hybrid polymeric electrolyte was swollen with the
electrolytic solution.

The sample of the obtained hybrid polynieric elec-
trolyte sheet was sandwiched between two stainless
steel sheets, thereby obtaining a laminate structure.
In the same manner as in Example 1, the sandwiched
hybrid polymeric electrolyte sheet was subjected to
measurement of an alternating-current impedance, using
two stainless steel sheets as electrodes. As a result,
it was found that the ionic conductivity was 1.1 x 10-3

S/cm.

Example 11

The foamed sheet obtained in Example 10 was cut
into a sample having a size of 5 em x 5 cm. The sample
was placed in a mixture of 50 ml of tetrahydrofuran and
50 ml of a non-aqueous electrolytic solution obtained

by dissolving lithium tetrafluoroborate (LiBF,) in a
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mixed solvent of ethylene carbonate (EC), propylene
carbonate (PC) and 7-butyroclactone (7-BL) (EC/PC/7-
BL weight ratio = 1/1/2, and LiBF, concentration:

1 mel/liter), and kept therein for 8 hours at 50 °C so
as to impregnate the sample with the mixture of the
tetrahydrofuran and the non-aqueous electrolytic solu-
tion, thereby obtaining a swollen transparent foamed
sheet. Subsequently, in a flow of an argon gas, the
obtained swollen transparent foamed sheet was main-
tained at room temperature for 3 hours so as to evapo-
rate the tetrahydrofuran, thereby 6btaining a transpar-
ent sheet as a hybrid polymeric electrolyte. The
obtained hybrid polymeric electrolyte sheet had a size
of 5.5 cm x 5.5 cm and a thickness of 335 pm.

A sample for observing cross-sections was obtained
from the hybrid polymeric electrolyte sheet in substan-
tially the same manner as in Example 1, and each of the
first, second and third cross-sections of the sample
was examined. As a result, in the first, second and
third cross-sections of the sample, circular cross-
sections of liquid-phase domains, which were uniformly
dispersed in the continuous solid-phase domain and each
had a size of from 9 to 15 pm in terms of the average
value of the long axis and short axis of each domain,

were observed. In the first, second and third cross-
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sections of the sample, the percentages of the total
cross-sectional areas of the liquid-phase domains were,
respectively, 82 %, 83 % and 78 %, based on the area of
each cross-section of the sample. From these results,
it was found that the volume percentage of the liquid-
phase domains in the hybrid polymeric electrolyte was
81 %. It was also found that any of the first, second
and third cross-sections of the sample showed no lig-
uid-phase domain connected to the original surface of
the sheet.

The hybrid polymeric electrolyte was subjected to
measurement of water permeability in the same manner as
in Example 1. As a result, it was found that the
hybrid polymeric electrolyte had no water permeability.

The amount of the non-aqueous electrolytic solu-
tion in the hybrid polymeric electrolyte was 88 % by
weight, as calculated from the weight difference bet-
ween the foamed sheet (before the impregnation of the
non-aqueous electrolytic solution) and the hybrid
polymeric electrolyte.

When the hybrid polymeric electrolyte was subject-
ed to measurement of a glass transition temperature by
differential thermal analysis, it was found that it had
a glass transition.temperature of -102 °C. Since it

had previously been found that the foamed sheet (before
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the impregnation of the electrolytic solution) had a

glass transition temperature of -51 °C, it was con-
firmed that the continuous solid polymer matrix of the
hybrid polymeric electrolyte was impregnated with the
electrolytic solution.

The hybrid polymeric electrolyte sheet was sand-
wiched between two stainless steel sheets, thereby
obtaining a laminate structure. In the same manner as
in Example 1, the sandwiched hybrid polymeric electro-
lyte sheet was subjected to measurement of an alternat-
ing-current impedance, using two stainless steel sheets
as electrodes. The ionic conductivity value was calcu-
lated from the real part of the complex impedance
expressed in the form of a Cole-Cole plot. As a re-
sult, it was found that the ionic conductivity was 3.7

x 10”3 s/cm.

Example 12

The foamed sheet obtained in Example 10 was cut
into a sample having a size of 5 cm x 5 cm. The sample
was placed in a mixture of 50 ml of tetrahydrofuran and
50 ml1 of a non-aqueous electrolytic solution obtained
by dissolving lithium hexafluorophosphate (LiPFg) in a
mixed solvent of ethylene carbonate (EC) and propylene

carbonate (PC) (EC/PC weight ratio = 1/1, and LiPFg
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concentration: 1 mol/liter), and kept therein for 8
hours at 50 °C so as to impregnate the sample with the
mixture of the tetrahydrofuran and the non-aqueous
electrolytic solution, thereby obtaining a swollen
transparent foamed sheet. Subsequently, the obtained
swollen transparent foamed sheet was maintained at room
temperature under a pressure of 103 Torr for 1 hour so
as to remove the tetrahydrofuran, thereby obtaining a
transparent sheet as a hybrid polymeric electrolyte.
The obtained hybrid polymeric electrolyte sheet had a
size of 5 cm x 5 cm and a thickness of 255 um.

A sample for observing cross-sections was obtained
from the hybrid polymeric electrolyte sheet in substan-
tially the same manner as in Example 1, and each of the
first, second and third cross-sections of the éample
was examined. As a result, in the first, second and
third cross-sections of the sample, circular cross-
sections of liquid-phase domains, which were uniformly
dispersed in the continuous solid-phase domain and each
had a size of from 5 to 11 pm in terms of the average
value of the long axis and short axis of each domain,
were observed. In the first, second and third cross-
sections of the sample, the percentages of the total
cross-sectional areas of the liquid-phase domains were,

respectively, 73 %, 71 % and 75 %, based on the area of
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each cross-section of the sample. From these results,
it was found that the volume percentage of the liquid-
phase domains in the hybrid polymeric electrolyte was
72.7 %. It was also found that any of the first,
second and third cross-sections of the sample showed no
liquid-phase domain connected to the original surface
of the sheet.

The hybrid polymeric electrolyte was subjected to
measurement of water permeability in the same manner as
in Example 1. As a result, it was found that -the
hybrid polymeric electrolyte had no water permeability.

The amount of the non-aqueous electrolytic solu-
tion in the hybrid polymeric electrolyte was 71 % by
weight, as calculated from the weight difference bet-
ween the foamed sheet (before the impregnation of the
non-agqueous electrolytic solution) and the hybrid
polymeric electrolyte.

When the hybrid polymeric electrolyte was subject-
ed to measurement of a glass transition temperature.by
differential thermal analysis, it was found that it had
a glass transition temperature of -99 °C. Since it had
previously been found that the foamed sheet (before the
impregnation of the electrolytic solution) had a glass
transition temperature of -51 °C, it was confirmed that

the continuous solid polymer matrix of the hybrid
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polymeric electrolyte was impregnated with the electro-
lytic solution.

The hybrid polymeric electrolyte sheet was sand-
wiched between two stainless steel sheets, thereby
obtaining a laminate structure. In the same manner as
in Example 1, the sandwiched hybrid polymeric electro-
lyte sheet was subjected to measurement of an alternat-
ing-current impedance, using two stainless steel sheets
as electrodes. The ionic conductivity value was calcu-
lated from the real part of the complex impedance
expressed in the form of a Cole-Cole plot. As a re-
sult, it was found that the ionic conductivity was 1.0

x 103 s/cm.

Example 13

A hexafluoropropylene/vinylidene fluoride copolym-
er (hexafluoropropylene content: 5 % by weight) was
subjected to extrusion molding in substantially the
same manner as in Example 10, thereby obtaining a
molded sheet having a thickness of 25 pym. The obtained
molded sheet was irradiated with electron beams so that
the irradiation dose became 20 Mrads. The sheet was
then immersed in a mixture of flon HFCl34a and water in
a vessel in substantially the same manner as in Example

1 so as to impregnate the sheet with the mixture of
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flon HFCl34a and water (flon/water mixture content in
the resultant impregnated sheet: 5 % by weight).
Subsequently, the sheet was taken out from the vessel
and immediately heated at 180 °C (furnace temperature:
180 °C) for 5 seconds, thereby foaming the sheet to
obtain a white foamed sheet having a thickness of 40 pm
(expansion ratio: 4 times). The obtained foamed sheet
contained closed cells having a diameter of from about
10 to about 15 pm. The volume percentage of the closed
cells contained in the foamed sheet was 71 %, based on
the entire volume of foamed sheet, as measured by the
air comparison pycnometer.

| The foamed sheet was cut into a sample having a
size of 5 cm x 5 cm. The sample was placed in a mix-
ture of 50 ml of acetone and 50 ml of a non-agueous
electrolytic solution obtained by dissolving lithium
tetrafluoroborate (LiBF4) in a mixed solvent of ethy-
lene carbonate (EC) and propylene carbonate (PC) (EC/PC
weight ratio = 1/1, and LiBF, concentration:

1 mol/liter), and kept therein for 24 hours at 40 °C so
as to impregnate the sample with the mixture of the
tetrahydrofuran and the non-aqueous electrolytic solu-
tion, thereby obtaining a swollen transparent foamed
sheet. Subsequently, in a flow of an argon gas, the

obtained swollen transparent foamed sheet was main-
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tained at room temperature under a pressure of 1073
Torr for 30 minutes so as to remove the acetone, there-
by obtaining a transparent sheet as a hybrid polymeric
electrolyte. The obtained hybrid polymeric electrolyte
sheet had a size of 5 cm x 5 cm and a thickness of

41 um.

A sample for observing cross—segtions was obtained
from the hybrid polymeric electrolyte sheet in substan-
tially the same manner as in Example 1, and each of the
first, second and third cross-sections of the -sample
was examined. As a result, in the first, second and
third cross-sections of the sample, circular cross-
sections of liquid-phase domains, which were uniformly
dispersed in the continuous solid-phase domain and each
had a size of from 10 to 13 pm in terms of the average
value of the long axis and short axis of each domain,
were observed. In the first, second and third cross-
sections of the sample, the percentages of the total
cross-sectional areas of the liquid-phase domains were,
respectively, 61 %, 58 ¥ and 63 %, based on the area of
each cross-section of the sample. From these results,
it was found that the volume percentage of the liquid-
phase domains in the hybrid polymeric electrolyte was
60.7 %.. It was also found that any of the first,

second and third cross-sections of the sample showed no
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liquid-phase domain connected to the original surface
of the sheet.

The hybrid polymeric electrolyte was subjected to
measurement of water permeability in the same manner as
in Example 1. As a result, it was found that the
hybrid polymeric electrolyte had no water permeability.

The amount of the non-aqueous electrolytic solu-
tion in the hybrid polymeric electrolyte was 69 % by
weight, as calculated from the weight difference bet-
ween the foamed sheet (before the impregnation of the
non-aqueous electrolytic solution) and the hybrid
polymeric electrolyte.

When the hybrid polymeric electrolyte was subject-
ed to measurement of a glass transition temperature by
differential thermél analysis, it was found that it had
a glass transition temperature of -98 °C. Since it had
previously been found that the foamed sheet (before the
impregnation of the electrolytic solution) had a glass
transition temperature of -51 °C, it was confirmed that
the continuous solid polymer matrix of the hybrid
polymeric electrolyte was impregnated with the electro-
lytic solution.

The hybrid polymeric electrolyte sheet was sand-
wiched between two stainless steel sheets, thereby

obtaining a laminate structure. 1In the same manner as
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in Example 1, the sandwiched hybrid polymeric electro-
lyte sheet was subjected to measurement of an alternat-
ing—curreht impedance, using two stainless steel sheets
as electrodes. The ionic conductivity value was calcu-
lated from the real part of the complex impedance
expressed in the form of a Cole-Cole plot. As a re-
sult, it was found that the ionic conductivity was 7 x

104 s/cm.
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Example 14

Equimolar amounts of lithium hydroxide and cobalt
oxide were mixed with each other, and the resultant
mixture was heated at 750 °C for 5 hours, to thereby
obtain powdery LiCoO, having an average particle dia-
meter of 10 ym. The obtained powdery LiCoO, and carbon
black were added to and dispersed in a 5 % by weight
solution of poly(vinylidene fluoride) (KF11l00, manufac-
tured and sold by Kureha Chemical Industry Co., Ltd.,
Japan) in NMP, so that a slurry containing solid com-
ponents in the following weight ratio was obtained:
LiCoO,5 (85 %), carbon black (8 %) and poly(vinylidene
fluoride) (7 %). The obtained slurry was applied onto
an aluminum foil by doctor blade method and dried, to
thereby obtain an LiCoO, sheet having a thickness of
110 pm. The obtained LiCoO, sheet was cut into a size
of 2 cm x 2 cm. On the other hand, the hybrid polymer-
ic electrolyte sheet prepared in Example 2 was cut into
a size of 2.5 cm x 2.5 cm. Then, the cut LiCo0O, sheet
was covered with the cut hybrid polymeric electrolyte
sheet. The hybrid polymeric electrolyte sheet was
sandwiched between the LiCoO, sheet and a metallic
lithium foil having a size of 2 cm x 2 cm (thickness:
100 pm). Thus, a laminate structure composed of a

positive electrode (LiCoO,) / the hybrid polymeric
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electrolyte sheet / a negative electrode (metallic
lithium) was-obtained. Stainless steel sheets (as
electric terminals for taking a current) were brought
into contact with the respective current collectors of
the positive and negative electrodes of the above-
obtained laminate structure. The laminate structure
was then placed in a sealable glass cell having inner
electric términals for taking a current from the lami-
nate structure (hereinafter frequently referred to
simply as "glass cell”), wherein the inner electric
terminals of the glass cell are connected to outer
electric terminals of the glass cell, and the electric
termihals of the laminate structure were connected to
the inner electric terminals of the cell. The cell was
sealed in an argon atmosphere to obtain a battery.
The obtained battery was subjected to charge/
discharge cycle testing (current density per surface
area of the electrodes: 3 mA/cmz), using a charging/
discharging device (model 101SM6, manufactured and sold
by Hokuto Denko Corporation, Japan). The charging
operation was conducted at a constant potential of 4.2
V. After the charging operation, the potential between
the electrodes of the battery was 4.2 V. Accordingly,
it was confirmed that the battery was charged. The

discharging operation was conducted at a constant
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current, and discontinued when the potential between
the electrodes was decreased to 2.7 V. As a result of
the charge/discharge cycle testing, it was found that
the discharge/charge efficiency (ratio) of the first
cycle was 85 %, and that, with respect to the cycles
after the first cycle, the discharge/charge efficiency
(ratio) was 88 % or more. These results show that this
battery is capable of being repeatedly charged and

diécharged and hence operable as a secondary battery.

Example 15

In substantially the same manner as in Example 3,
powder of needle coke having an average diameter of
10 pm were mixed with a 5 % by weight solution of
polyvinylidene fluoride in NMP, to thereby obtain a
slurry [needle coke/polyvinylidene fluoride weight
ratio (dry weight) = 92/8]. The slurry was applied
onto a copper sheet by using a doctor blade, to thereby
obtain a film having a thickness of 120 pm. The ob-
tained film was cut into a size of 2 cm x 2 cm as a
needle coke electrode. On the other hand, the hybrid
polymeric electrolyte sheet obtained in Example 12 was
cut into a size of 2.3 cm x 2.3 cm. The cut hybrid
polymeric electrolyte sheet was sandwiched between the

needle coke electrode and the LiCoOZ electrode obtained
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in Example 14, and the resultant structure was heated
at 120 °C, thereby obtaining a laminate structure of
needle coke (negative electrode) / hybrid polymeric
electroiyte / LiCoO, (positive electrode).

The obtained laminate structure was placed in a
glass cell having inner electric terminals for taking a
current from the laminate structure, wherein the inner
electric terminals of the glass cell are connected to
outer electric terminals of the glass cell, and the
electric terminals of the laminate structure were
connected to the inner electric terminals of the cell.
The glass cell was sealed, thereby obtaining a battery.
The obtained battery was subjected to charge/discharge
cycle testing in the same manner as in Example 6,
except that the current density per surface area of the
electrodes was changed to 3 mA/cmz. As a result of the
charge/discharge cycle testing, it was found that the
discharge/charge efficiency (ratio) of the first cycle
was 81 %, and that, with respect to the cycles after
fhe first cycle, the discharge/charge efficiency
{ratio) was 98 % or more. These results show that this
battery is capable of being repeatedly charged and

discharged and hence operable as a second battery.

Comparative Example 3
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The non-irradiated molded sheet of a hexafluoro-
propylene/vinylidene fluoride copolymer having a thick-
ness of 150 pm, which had been prepared in Example 1,
was cut into a size of 5 cm x 5 cm. The cut copolymer
sheet was placed in a mixture of 50 ml of acetone and
50 ml of a non-aqueous electrolytic solution obtained
by dissolving lithium tetrafluoroborate (LiBFy4) in a
mizxed solvent of ethylene carbonate (EC) and propylene
carbonate (PC) (EC/PC weight ratio = 1/1, and LiBFy
concentration: 1 mol/liter), and kept therein for 24
hours at room temperature so as to impregnate the cut
copolymer sheet with the mixture of the acetone and the
non-aqueous electrolytic solution, thereby obtaining a
swollen sheet. The obtained swollen sheet was main-
tained at 15 °C under a pressure of 10~3 Torr for 30
minutes so as to remove the acetone, thereby obtaining
a polymeric electrolyte sheet. The obtained polymeric
electrolyte sheet had a thickness of 160 pm and a size
of 5.2 cm x 5.2 cm.

The sheet was sandwiched between two stainless
steel sheets, thereby obtaining a laminate structure.
The sandwiched sheet was subjected to measurement of an
alternating-current impedance, using two stainless
steel sheets as electrodes. The ionic conductivity of

the laminate structure was calculated from the real
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part of the complex impedance expressed in the form of
a Cole-Cole plot. As a result, it was found that the

ionic conductivity was 4.1 x 10~ S/cm.

Comparative Example 4

1.5 g of a powder of hexafluoropropylene/vinyli-
dene fluoride copolymer (hexafluoropropylene content:
12 % by weight) was mixed with a mixture of 10 ml of
acetone and 5§ g of a non-aqueous electrolytic solution
obtained by dissolving lithium tetrafluoroborate
(LiBF4) in a mixed solvent of ethylene carbonate (EC)
and propylene carbonate (PC) (EC/PC weight ratio = 1/1,
and LiBF, concentration: 1 mol/liter), and the whole
was allowed to stand at 40 °C for 24 hours to thereby
obtain a homogeneous solution. The obtained homogene-
ous solution was cast on a stainless sheet and kept
thereon in a flow of argon gas for 10 minutes so as to
evaporate the acetone, thereby obtaining a film.
Further, the film was maintained on the stainless sheet
at room temperature under a pressure of 10~3 Torr for
30 minutes. The resultant film had a thickness of
about 250 pm. The film was very flexible and easily
distorted, so that it was impossible to measure the
thickness of the film accurately.

The amount of the non-aqueous electrolytic solu-
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tion contained in the film was 63 % by weight, as
determined by thermogravimetric analysis.

While keeping the film on the stainless sheet,
another stainless sheet was pressed against the exposed
surface of the film, thereby obtaining a laminate
structure in which the film was sandwiched between the
two stainless sheets. The sandwiched film was subject-
ed to measurement of an alternating-current impedance,
using two stainless sheets as electrodes. As a result,
a short circuiting occurred between the stainless
sheets, so that it was impossible to measure the alter-

nating-current impedance.

Example 16

A 10 % by weight solution of polyethylene oxide (vis-
cosity average molecular weight: 1,000,000, manufac-
tured an sold by Aldrich, U.S.A.) in methylene chloride
was cast onto a glass plate, thereby obtaining a cast
sheet having a thickness of 160 pm. The obtained sheet
was irradiated with electron beams so that the irradia-
tion dose became 15 Mrads. The sheet was immersed in a
mixture of flon HFC-134 and water in a vessel in sub-
stantially the same manner as in Example 1 so as to
impregnate the sheet with the mixture of flion HFC-134a

and water. Subsequently, the sheet was taken out from
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the vessel and immediately heated at 100 °C (furnace

temperature: 100 °C) for 20 seconds, thereby foaming

the sheet to obtain a foamed sheet having a thickness
of 220 pm. The volume percentage of the closed cells

contained in the foamed sheet was 63 3.

The foamed sheet was placed in a non-agqueous
electrolytic solution obtained by dissolving LiPFg in a
mixed solvent of ethylene carbonate (EC) and propylene
carbonate (PC) (EC/PC weight ratio = 1/1, and LiPFg
concentration: 1 mol/liter), and kept therein for 3
hours at 60 °C so as to impregnate the foamed sheet
with the non-agqueous electrolytic solution, thereby
obtaining a swollen foamed sheet as a hybrid polymeric
electrolyte.

The amount of the non-agueous electrolytic solu-
tion in the hybrid polymeric electrolyte was 70 % by
weight, as calculated from the weight difference bet-
ween the foamed sheet (before the impregnation of the
non-agueous electrolytic solution) and the hybrid
polymeric electrolyte.

A sample for observing cross-sections was obtained
from the hybrid polymeric electrolyte sheet in substan-
tially the same ménner as in Example 1, and each of the
first, second and third cross-sections of the sample

was examined. As a result, in the first, second and
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third cross-sections of the sample, circular cross- -
sections of liquid-phase domains, which were uniformly
dispersed in the continuous solid-phase domain, and
each had a size of from 25 to 40 pm in terms of the
average value of the long axis and short axis of each
domain, were observed. In the first, second and third
cross-sections of the sample, the percentages of the
total cross-sectional areas of the liquid-phase domains
were, respectively, 33 %, 25 $ and 35 %, based on the
area of each cross-section of the sample. From the
results, it was found that the volume percentage of
the liquid-phase domains in the hybrid polymeric elec-
trolyte was 31 %. It was also found that any of the
first, second and third cross-sections of the sample
showed no liquid-phase domain communicating with the
original.surface of the sheet.

A sample of hybrid-polymeric electrolyte was
sandwiched between a stainless-steel sheet and metallic
lithium sheets in substantially the same manner as in
Example 1. The oxidation-reduction stability of the
hybrid polymeric electrolyte was evaluated by cyclic
voltammetry over a sweep potential range of from 0 to
5 V. As a result, it was found that, due to reduction,
current peaks were observed at the potential of 1.2 V

(at which the current peak was 1.9 times as high as the
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background current) and at the potential of 0.7 V (the
current peak was twice as high as the background cur-
rent). It was also found that, due to oxidation, the
current was increased in the potential range of 4.2 V
or higher (the current at the potential of 4.2 V was
twice as high as the background current). The results
indicate that the hybrid polymeric electrolyte is
electrochemically stable over the potential range of
from 0.7 to 4.2 V.

The sample of the hybrid polymeric electrolyte
sheet was sandwiched between two stainless steel
sheets, and subjected to measurement of an alternating-
current impedance. As a result, it was found that the

ionic conductivity was 1.8 x 10"3 S/cm.

Example 17

A 10 % by weight solution of acrylonitrile-styrene
copolymer (acrylnitrile content: 45 mol %) in methy-
lene chloride was cast onto a glass plate, thereby
obtaining a sheet having a thickness of 120 um. The
obtained sheet was irradiated with electron beams so
that the irradiation dose became 15 Mrads. The sheet
was immersed in a mixture of flon HFC-134a and water
(flon/water mixture content in the resultant impregnat-

ed sheet: 7 % by weight) in a vessel in substantially
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the same manner as in Example 1 so as to impregnate the
sheet with flon HFC-134a and water. Subsequently, the
sheet was taken out from the vessel and immediately -
heated (furnace temperature: 150 °C) for 20 seconds,
thereby foaming the sheet to obtain a foamed sheet
having a thickness of 180 pm. The volume percentage of
the closed cells contained in the foamed sheet was

68 %.

The foamed sheet was placed in a non-aqueous
electrolytic solution obtained by dissolving LiPFg in a
mixed solvent composed of ethylene carbonate (EC) and
propylene carbonate (PC) (EC/PC weight ratio = 1:1, and
LIPF6 concentration: 1 mol/liter), and kept therein for
3 hours at 60 °C so as to impregnate the foamed sheet
with the non-aqueous electrolytic solution, thereby
obtaining a swollen foamed sheet as a hybrid polymeric
electrolyte.

The amount of the non-aqueous electrolytic solu-
tion in the hybrid polymeric electrolyte was 86 % by
weight, as calculated from the weight difference bet-
ween the foamed sheet (before the impregnation of the
non-aqueous electrolytic solution) and the hybrid
polymeric electrolyte.

A sample for observing cross-sections was obtained

from the hybrid polymeric electrolyte sheet in substan-
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tially the same manner as in Example 1, and each of -the
first, second and third cioss—sections of the sample
was examined. As a result, in the first, second and
third cross-sections of the sample, circular cross-
sections of liquid-phase domains, which were uniformly
dispersed in the continuous solid-phase domain, and
each had a size of from 30 to 45 um in terms of the
average value of the long axis and short axis of each
domain, were observed. In the first, second and third
cross-sections of the sample, the percentages of the
total cross-sectional areas of the liquid-phase domains
were, respectively, 63 %, 52 % and 65 %, based on the
area of each cross-section of the sample. From the

results, it was found that the volume percentage of the

-liquid-phase domains of the hybrid polymeric electro-

lyte was 60 3. It was also found that any of the
first, second and third cross-sections of the sample
showed no liquid-phase domain communicating with the
original surface of the sheet. Subsequently, the
hybrid polymeric electrolyte was subjected to measure-
ment of water permeability in +the same maner as in
Example 1. As a result, it was found that the hybrid
polymeric electrolyte had no water permeability.

A sample of hybrid-polymeric electrolyte was

sandwiched between a stainless-steel sheet and metallic
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lithium sheets in substantially the same manner as in
Example 1. The oxidation-reduction stability of the
hybrid polymeric electrolyte was evaluated by cyclic
voltammetry over a sweep potential range of from 0O to
5 V. As a result, it was found that, due to reduction,
the current was increased in the potentail range of
lower than 0.6 V (the current at the potential of 0.6 V
was twice as high as the background current). It was
also found that, due to oxidation, the current was
increased in the potentail range of 4.6 V or higher
(the current at the potential of 4.6 V was twice as
high as the background current). This indicates that
the hybrid polymeric electrolyte'is electrochemically
stable over the potentail range of from 0.6 to 4.6 V.
The sample of the hybrid polymeric electrolyte
sheet was sandwiched between two stainless steel
sheets, and subjected to measurement of an alternating-
current impedance. As a result, it was found that the

ionic conductivity was 1.8 x 10~3 S/cm.

Comparative Example 5

A polystyrene sheet having a thickness of 100 um
was brought into contact with sulfuric acid anhydride
gas at room temperature for 3 hours using vacuum-line,

to thereby effect sulfonation of the polystyrene sheet.



10

15

20

25

136

The increase in weight of the suifonated polystyrene
sheet was 64 ¥ by weight, as calcuiated from the weight
difference between the polystyrene sheet before and
after sulfonation (This indicates that 0.85 sulfonic
acid group was introduced per styrene unit). After
immersing the sulfonated polystyrene sheet in propylene
carbonate, the sheet was sandwiched between two stain-
less steel sheets, and subjected to measurement of an
altefnating-current impedance. The measurement was
difficult due to high impedance (ionic conductivity was
below 10~8 S/cm). The sulfonated polystyrene sheet was
immersed in a 1 mol/liter non-agueous electrolytic
solution of LiBF, in polypropylene carbonate, and the
ionic conductivity was measured in substantially the
same manner as mentioned-above. As a result, the ionic
conductivity was 4x10'7 S/cm.

Only a small change in weight of the sulfonated
polystyrene sheet was observed after immersing the
sheet in the non-aqueous electrolytic solution, and the
content of the non-aqueous electrolytic solution in the
sheet, as calculated from the weight increase of the
sheet, was 2 % by weight;

A sample of the sulfonated polystyrene sheet was
sandwiched between a stainless-steel sheet and a metal-

lic lithium sheet in substantially the same manner as
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in Example 1. The oxidation-reduction stability of -the
obtained hybrid polymeric electrolyte was evaluated by
cyclic voltammeter over a sweep potential range of from
O_to 5 V. As a result, it was found that, due to
reduction, current peaks were observed at the poten-
tials of 2.3 V and 1.5 V (at which the current peaks
were 3 or more times as high as the background
current). It was also found that, due to oxidation,
the current was in a potential range of 2.9 V or higher
(the current at the potential of 2.9 V was twice as
high as the background current, and the current at a
potential of higher than 2.9 V increased more). The
results indicate that the sulfonated polystyrene is
electrochemically stable only over the potential range

as narrow as from 2.3 to 2.9 V.

Comparative Example 6

100 m1 of a 10 ¥ by weight solution of polyur-
ethane (a polymer having an average molecular weight of
11,000, prepared by reacting ethylene glycol having a
molecular weight of 600 and hexamethylene diisocyanate)
in toluene was cast onto a glass plate, thereby obtain-
ing a sheet having a thickness of 80 pm. The sheet was
sandwiched between the stainless-steel sheets and

immersed in a 1 meol/liter non-aqueous electrolytic
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solution of LiBF, in propylene carbonate in a glass -
cell. The resultant sheet was subjected to the poten-
tial sweep by cyclic voltammetry (reference electrode:
metallic lithium) in the glass cell over a sweep poten-
tial range of from O to 5 V. As a result, it was found
that, due to reduction, a plurality of current peaks
were observed in the potential range of from O to 2 V
(at 1.8 Vv, the current peak was 3 times as high as the
background current, at 1.5 V, the current peak was 5
times as high as the background current and at 1.2 v,
the current peak was 3 times as high as the background
current), and in the potential range of less than 0.9
V, due to reduction, the current was increased (the
current at the potential of 0.9 V was twice as high as
the background current). It.was also found that, in
the range of from 3 to 5 V, due to oxidation, the
current peak is observed at the potential of 3.1 V (at
which the current was twice ‘as high as the background
current) and the current was increased in the potential
range of 4.1 V or higher (the current at the potential
of 4.1 V is twice as high as the background current).
This indicates that a redox reaction is likely to occur
in the case of a hybrid polymeric electrolyte prepared
using polyurethane, so that this hybrid polymeric-

electrolyte is electrochemically unstable (The electro-



10

15

20

25

139

chemically stable electrochemical window is of from -
1.85 V to 3.1 V). On the other hand, when a polyfluoro-
vinylidene sheet (thickness: 90 pm) was irradiated in
substantially the same manner (irradiation dose:

10 Mrads) and oxidation-reduction stability was eval-
uated in the same manner as mentioned above. As a
result, it was foﬁnd that no current peak due to oxida-
tion or reduction was observed in the potential range

of from 0.7 to 5 V.

Example 18

A powder of vinylidenefluoride/hexafluoropropylene
copolymer (hexafluoropropylene content: 5 $ by weight)
was dissolved in NMP, thereby obtaining a 15 % by
weight solution of solid polymer. The above-mentioned
NMP solution of polyvinylidene was added to a powder of
needle coke, thereby obtaining a slurry [mixing ratio
in dry weight: needle coke (85 %):polymer (15 %)]. The
obtained slurry was applied onto a metallic copper
sheet (thickness: 15 um) according to doctor blade
method, thereby obtaining a film (electrode layer)
having a thickness of 120 uym. The volume percentége of
the closed cells contained in the film was 30%, based
on the volume of the copolymer component, and the

volume percantage of the solid components was 70 %.
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The film was pressed under heat, thereby obtaining &
film having a thickness of 105 pm (the volume percent-
age of closed cell: 20 %). The obtained sheet was
irradiated with electron beams so that the irradiation
dose became 10 Mrads. The sheet was immersed in a
mixture of flon HFC-134a and water in a vessel in
substantially the same manner as in Example 1 so as to
impregnate the sheet with flon HFC-134a and water
{flon/water mixture content in the resultant impregnat-
ed sheet: 10 % by weight). Subsequently, the sheet was
taken out from the vessel and immediately heated at 180
°C (furnace temperature: 180 °C) for 10 seconds, there-
by foaming the sheet to obtain an electrode sheet
having a thickness of 120 um. The expansion ratio of
the polymer was approximately 2 times, and the volume
percentage of the closed cells contained in the elec-
trode sheet was 50 %, based on the entire volume of the

foamed polymer.

Example 19

A mixture of lithium hydroxide and cobalt oxide in
equimolar amounts was heated at 750 °C for 5 hours,
thereby obtaining LiCoO, powder having an average
particle diameter of 10 pm. The obtained powder and

carbon black were dispersed in a 10 % by weight solu-
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tion of polyvinyldenefluoride (KF11l00, Kureha Chemical
Induétry Co. Ltd., Japan) in NMP, so that the obtained
slurry had a solid composition of 80 % LiCoO,, 8 %
carbon black and 12 % polymer. The obtained slurry was
applied onto an aluminum foil (thickness: 15 um) ac-
cording to doctor blade method, thereby obtaining a
film having a thickness of 110 pm. The volume percent-
age of closed cells contained in the film was 33 %,
based on the entire volume of the polymer, and the
volume percentage of solid components of the obtained
film was 67 %. The film was subjected to roll pressing
under heat, thereby obtaining a film having a thickness
of 103 pm, (the volume percentage of closed cell:

28 %). The obtained sheet was irradiated with electron
beams so that the irradiation dose became 10 Mrads.

The sheet was immersed in a mixture of flon HFC-134a
and water in vessel in substantially the same manner as
in Example 1, so as to impregnate the sheet with flon
HFC-1345 and water (flon/water mixture content in the
resultant impregnated sheet: 10 % by weight). - Substan-
tially, the sheet was taken out from the vessel and
immediately heated at 180 °C (furnace temperature: 180
°C) for 10 seconds, thereby foaming the sheet to obtain
an electrode sheet having a thickness of 121 um. The

expansion ratio of the polymer was approximately 2
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times, and the volume percentage of the closed cells
contained in the electrode sheet was 50 %, based on the

entire volume of the foamed polymer.

Example 20

A polyvinylidene fluoride powder (KF1100, average
particle diameter: 200 pm, manufactured and sold by
Kureha Kagaku Kogyo Co., Ltd., Japan) was immersed in a
mixture of flon HFCl34a and water in a vessel in sub-
stantially the same manner as in Example 1 so as to
impregnate the powder with the mixture of flon HFCl34a
and water (flon/water mixture content in the resultant
impregnated powder: 10 % by weight). Subsequently, the
powder was taken out from the vessel and immediately
heated at 180 °C (furnace temperature: 200 °C) for 1
minute,lthereby foaming the powder to obtain a foamed
particle having an average particle diameter of 300 um
(expansion ratio: 3.4 times). The volume percentage of
the closed cells in the foamed particle was 70 %. The
foamed particle was frozen with liquid nitrogen, and
ground and classified, to thereby obtain a powder
having an average particle diameter of 30 pm. The
volume percentage of the closed cells in the obtained
powder was not less than 70 %.

The powder was mixed with a graphite powder in a
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weight ratio of 15:85, and the resultant mixture was
subjected to press molding to obtain a molded article.
The obtained molded article was sintered at 180 °C
without removing the molded article from the mold.
Thus, a sintered molded article was obtained. Then, a
sheet having a thickness of 150 ¥m was obtained by
cutting off the above-obtained sintered molded article
by means of a cutter. The obtained sheet and a metal-
lic copper sheet (thickness: 15 pm) were pressed
against each other while heating, to thereby obtain an
electrode sheet. The volume percentage of the closed
cells contained in the sintered molded sheet was 90 %,
based on the entire volume of the sintered molded

sheet.

Example 21

In substantially the same manner as in Example 20,
a mixture of the powder obtained in Example 20 (12 % by
weight), an LiCoO, powder used in Example 19 (80 % by
weight) and a carbon black powder (8 % by weight) was
subjected to press molding and sintering, to obtain a
sintered molded article. Then, a sheet having a thick-
ness of 100 uym was obtained by cutting off the sintered
molded article by means of a cutter. The obtained

sheet and a metallic aluminium sheet (thickness: 15 pm)
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were pressed against each other while heating, to
thereby obtain an electrode sheet. The volume percent-
age of the closed cells contained in the sintered
molded sheet was 90 %, based on the entire volume of

the sintered molded sheet.

Example 22

The electrode sheets prepared in Examples 18 and
19 were individually placed in a non-agqueous electroly-
tic solution obtained by dissolving lithium tetrafluor-
oborate (LiBF4) in a mixed solvent composed of ethylene
carbonate (EC), propylene carbonate (PC) and 7-butyro-
lactone (7-BL) (EC/PC/7~-BL weight ratio = 1/1/2, and
LiBF4 concentration: 1 mol/liter), and kept therein for
30 minutes at 100 °C so as to impregnate the sheets
with a non-aqueous electrolytic solution. Then, the
electrode sheet (as a positive electrode) which was
prepared in Example 19 and impregnated with the elec-
trolytic solution as mentioned above, the hybrid poly-
meric electrolyte prepared in Example 1, and the elec-
trode sheet (as a negatie electrode) prepared in Exam-
ple 18 and impregnated with the electrolytic solution
as mentioned above were laminated in this order to
thereby obtain a laminate structure.

Stainless steel sheets (as electric terminals for
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taking a current) were brought into contact with the
respective current collectors of the positive and
negative electrodes of the above-obtained laminate
structure. The laminate structure was then placed in a
glass cell having inner electric terminals for taking a
current from the the laminate structure, wherein the
inner electric terminals of the glass cell are connect-
ed to outer electric terminals of the glass cell, and
the electric terminals of the laminate structure were
connected to the inner electric terminals of the cell.
The glass cell was sealed in an argon atmosphere to
obtain a battery.

The obtained battery was subjected to
charge/discharge cycle testing using a charge/discharge
testing device (model 101SM6, manufactured and sold by
Hokuto Denko Corporation, Japan) (current density per
surface area of the electrodes: 1 mA/cmz). The charg-
ing operation was carried out at a constant potential
of 4.2 V. After the charging operation, the potential
between the electrodes of the battery was 4.2 V.
Accordingly, it was confirmed that the battery was
charged. The discharging operation was carried out at
a constant current, and discontinued when the potential
between the electrodes was decreased to 2.7 V. As a

result of the charge/discharge cycle testing, it was
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found that the discharge amount of the first discharge
was 210 mAh/g of the carbon in the negative electrode.
It was also found that the discharge amount of the
100th cycle was 179 mAh/g of the carbon in the negative
electrode. These results show that this battery is
capable of being repeatedly charged and discharged and

hence operable as a secondary battery.

Example 23

A microporous polyethylene membrane (Hipore U2
film, manufactured and sold by Asahi Chemical Industry
Co., Ltd., Japan) was sandwiched between the electrode
sheet prepared in Example 21 (as a positive electrode)
and the electrode sheet prepared in Example 20 (as a
negative electrode), to obtain a laminate structure.
The laminate structure was placed in a non-aqueous
electrolytic solution obtained by dissolving lithium
hexafluorophosphate (LiPFs)'in a mixed solvent composed
of ethylene carbonate (EC) / methyl ethyl carbonate
(MEC) (EC/MEC weight retio = 1/2, and LiPF5 concentra-
tion: 1.5 mol/liter), and kept therein for 30 minutes
at 70 °C so as to impregnate the laminate structure
with the non-aqueous electrolytic solution.

Stainless steel sheets were brought into contact

with the respective current collectors of the positive
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and negative electrodes of the above-obtained laminate
structure. The laminate structure was then placed in a
glass cell having inner electric terminals for taking a
current from the laminate structure, wherein the inner
electric terminals of the glass cell are connected to
cuter electric terminals of the glass cell, and the
electric terminals of the laminate structure were
connected to the inner electric terminals of the cell.
The glass cell was sealed in an argon atmosphere to
obtain a battery.

The obtained battery was subjected to
charge/discharge cycle testing using charger/discharger
testing device (model 101SM6, manufactured and sold by
Hokuto Dbenko Corporation, dapan) (current density per
surface area of the electrodes: 1 mA/cmz). The charg-
ing operation was carried out at a constant potential
of 4.2 V. After the charging operation, the potential
between the electrodes of the battery was 4.2 V.
Accordingly, it was confirmed that the battery was
charged. The discharging operation was carried out at
a constant current, and discontinued when the potential
between the electrodes was decreased to 2.7 V. As a
result of the charge/discharge cycle testing, it was
found that the discharge amount of the first discharge

was 310 mAh/g of the carbon in the negative electrode.
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It was also found that the discharge amount of the
100th cycle was 253 mAh/g of the carbon in the negative
electrode. These results show that this battery is
capable of being repeatedly charged and discharged and

hence operable as a secondary battery.

Comparative Example 7

A microporous polyethylene film (Hipore U2 film,
manufactured and sold by Asahi Chemical Industry Co.,
Ltd., Japan) was sandwiched between the electrode sheet
prepared in Example 19 (as a positive electrode) and
the electrode sheet prepared in Example 18 as a nega-
tive electrode), to obtain a laminate structure.

The obtained laminate structure was placed in the
same non-aqueous electrolytic solution as used in
Example 22 [that is, a solution obtained by dissolving
lithium tetrafluoroborate(LiBF4) in a mixed solvent
composed of ethylene carbonate(EC), propylene car-
bonate(PC) and 7-butyrolactone(7-BL) (EC/PC/7-BL
weight retio = 1/1/2, and LiBF, concentration: 1
mol/liter]}, and kept threin for 2 hours at 100 °C so as
to impregnate the laminate structure with the electro-
lytic solution.

Using the impregnated laminate structure, a bat-

tery was constructed in substantially the same manner
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as in Example 22. Illustratively stated, two stainless
steel sheets were brought into contact with the respec-
tive current collectors of the positive and negative
electrodes of the above-obtained impregnated laminate
structure. The laminate structure was then placed in a
glass cell having inner electric terminals for taking a
current from the laminate structure, wherein the inner
electric terminals of the glass cell are connected to
outer electric terminals of the glass cell, and the
electric terminals of the laminate structure were
connected to the inner electric terminals of the cell.
The glass cell was sealed in an argon atmosphere to
ocbtain a battery.

The obtained battery was subjected to
charge/discharge cycle testing using a charge/discharge
testing device (model 101SM6, manufactured and sold by
Hokuto Denko Co., Corporation, Japan) (current density
per surface area of the electrodes: 1 mA/cmz).- The
charging operation was carried out at a constant poten-
tial of 4.2 V. After the charging operation, the
potential between the electrodes of the battery was
4.2 v, Accordingly, it was confirmed that the battery
was charged. The discharging operation was carried out
at a constant current, and discontinued when the poten-

tial between the electrodes was decreased to 2.7 V. As
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a result of the charge/discharge cycle testing, it was
found that the discharge amount of the first discharge
was 190 mAh/g of the carbon in the negative electrode.
It was also found that the discharge capacity of the
100th cycle was 125 mAh/g of the carbon in the negative

electrode.

Comparative Example 8

A 10 % by weight solution of a polyvinylidene
fluoride powder used in Example 20 in NMP was mixed
with a graphite powder in the same weight ratio as
employed in Example 20 to obtain a slurry. The ob-
tained slurry was applied uniformly onto a metallic
copper sheet (thickness: 15 pm) and dried, to thereby
obtain a negative electrode sheet.

A solution of a polyvinylidene fluoride in
NMP, a carbon black powder and an LiCo0O, powder were
mixed with each other in thé same weight ratio as
employed in Example 21, to obtain a slurry. The ob-
tained slurry was applied uniformly onto a metallic
aluminium sheet (thickness: 15 pm) and dried, to there-
by obtain a positive electrode sheet.

A laminate structure was constructed in substan-
tially the same manner as in Example 23, using a mi-

croporous film of polyethylene (Hipore U2 film, manu-
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factured and sold by Asahi Chemical Industry Co., Ltd.,

~Japan) and the above-obtained positive and negative

electrode sheets. The obtained laminate structure was
placed in a non-aqueous electrolytic solution obtained
by dissolving lithium hexafluorophosphate (LiPFg) in a
mixed solvent composed of ethylene carbonate (EC) and
methyl ethyl carbonate (MEC) (EC/MEC weight retio =
1/2, and LiPFg concentration: 1.5 mol/liter), and kept
therein for 30 minutes ét 70 °C so as to impregnate the
laminate structure with the non-aqueous electrolytic
solution.

Stainless steel sheets were brought into contact
with the respective current collectors of the positive
and-negative electrodes of the impregnated laminate
structure. The laminate structure was then placed in a
glass cell having inner electric terminals for taking a
current from the laminate structure, wherein the inner
electric terminals of the glass cell are connected to
outer electric terminals of the glass cell, and the
electric terminals of the laminate structure were
connected to the inner electric terminals of the cell.
The glass cell was sealed in an argon atmosphere to
obtain a battery.

The obtained battery was subjected to

charge/discharge cycle testing using a charge/discharge
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testing device (model 101SM6, manufactured and sold by
Hokuto Denko Corporation, Japan) (current density per
surface area of the electrodes: 1 mA/cmz). The charg-
ing operation was carried out at a constant potential
of 4.2 V. After the charging operation, the potential
between the electrodes of the battery was 4.2 V.
Accordingly, it was confirmed that the battery was
charged. The discharging operation was carried out at
a constant current, and discontinued when the potential
between the electrodes was decreased to 2.7 V. As a
result of the charge/discharge cycle testing, it was
found that the discharge capacity of the first dis-
charge was 244 mAh/g of the carbon in the negative
electrode. It was also found that the discharge capac-
ity of the 100th cycle was 165 mAh/g of the carbon in

the negative electrode.

Example 24

A laminate structure was obtained in substantially
the same manner as in Example 23, éxcept that the non-
impregnated foamed sheet prepared in Example 2 was used
instead of the polyethylene microporous membrane, to
thereby obtain a laminate sturucture. The obtained
laminate structure was placed in the same non-agueous

electrlytic solution as used in Example 23, and kept
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therein for 2 hours at 70°C so as to impregnate the -
laminate structure with the non-agqueous electrolytic
solution.

A battery was obtained in substantially the same
manner as in Example 23. The obtained battery was
subjected to charge/discharge cycle testing (current
density: 1 mA/cmZ). The charging operation was carried
out at a constant potential of 4.2 V. After the charg-
ing operation, the potential between the electrodes of
the battery was 4.2 V. Accordingly, it was confirmed
that the battery was charged. The discharging opera-
tion was carried out at a constant current, and discon-
tinued when the potential between the electrodes was
decreased to 2.7 V. As a result of the charge/dis-
charge cycle testing, it was found that the discharge
amount of the first discharge was 312 mA/g of the
carbon in the negative electrode. It was also found
that the discahrge amount of the 100th cycle was 268
mA/g. These results show that this battery is capable
of being repeatedly charged and discahrged and hence

operable as a secondary battery.

Comparative Example 9

A membrane filter (trade name: Durapore HVHP,

manufactured and sold by Millipore Corporation, U.S.A.)
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was impregnated with a non-aqueous electrolytic solu-
tion obtained by dissolving LiBF, in a mixed solvent of
ethylene carbonate (EC), propylene carbonate (PC) and

7Y -butyrolactone (7-BL) (EC/PC/7-BL weight ratio =
1/1/2, and LiBF, concentration: 1 mol/liter). The
ionic conductivity of the impregnated filter was meas-
ured in the same manner as in Example 1. As a result,
it was found that the ionic conductivity was 0.8 x 1074
S/cm.

A sample for observing cross-sections was obtained
in substantially the same manner as in Example 1, and
each of the first, second and third cross-sections of
the sample was examined. As a result, it was found
that, in each of the first, second and third cross-
sections of the sample, there were many open cells
communicating with the original surface of the filter,
from which the electrolytic solution had effused.

The impregnated filter was subjected to measure-
ment of water permeability in the same manner as in
Example 1. As a result, it was found that the water
permeability of the impregnated filter was 16,000
liters/mzthroatm. Before the impregnatioﬂ of the non-
aqueous electroytic solution, the water permeability of
the filter was 15,000 liters/m2.hr.atm.

The volume percentage of the closed cells con-
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tained in the filter before the impregnation of the -
non-agueous electrolytic-solution was 0 %, based on the
entire volume of the filter.

The above results show that the filter is a porous
membrane having open cells and through-holes, and that,
when the filter is impregnated with a non-aqueous
electrolytic solution, the electroytic solution effuses

from the filter.

Example 25

A hexafluoropropylene/vinylidene fluoride
copolymer resin (hexafluoropropylene content: 5 % by
weight) was subjected to extrusion molding in
substantially the same manner as in Example 1, thereby
obtaining a molded sheet having a thickness of 150 pm.
The obtained molded sheet was irradiated with electron
beams so that the irradiation dose became 5 Mrads.
Then, the irradiated sheet was subjected to vacuum
drying at 60 °C, while removing HF gas generated by
drying. The sheet was then immersed in a mixture of
flon HFCl134a and water (flon/water weight ratio: 49/1)
and the whole was allowed to stand at 70 °C so as to
impregnate the sheet with the mixture of flon HFC134a
and water (flon/water mixture content in the resultant

impregnated sheet: 9 % by weight). Subsequently, the
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sheet was taken out from the vessel and immediately
heated at 170 °C by means of a furnace for 1 minute,
thereby foaming the sheet to obtain a white foamed
sheet having a thickness of 165 pm (expansion ratio:
1.3 times). The volume percentage of the closed cells
contained in the foamed sheet was 21.3 %, based on the
entire volume of the foamed sheet.

The sheet was then immersed in NMP in a vessel and
the whole was heated at 90 °C for 3 hours.
Subsequently, the sheet was taken out from the vessel
and washed with acetone, thereby obtaining a dried
sheet. The weight of the dried sheet was measured, and
from the weight of the dried sheet, the weight
percentage of the crosslinked polymer segment produced
by irradiation of electron beams was measured, and
found to be 23 %, based on the weight of the sheet
prior to the impregnation with NMP.

The sheet was placed ih the same non-agqueous
electrolytic solution as used in Example 1 (EC/PC/7-BL
weight ratio = 1/1/2, and LiBF, concentration:

1 mol/liter), and kept therein for 2 hours at 100 °C so
as to impregnate the foamed sheet with the non-aqueous
electrolytic solution, thereby obtaining a swollen
foamed sheet as a hybrid polymeric electrolyte. The

amount of the non-aqueous electrolytic solution in the
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hybrid polymeric electrolyte was 36 % by weight, as-
calculated from the weight difference between the |
foamed sheet (prior to the impregnation of the
non-aqueous electrolytic solution) and the hybrid
polymeric electrolyte.

A sample for observing cross-sections was obtained
from the hybrid polymeric electrblyte sheet in
substantially the same manner as in Example 1, and each
of the first, second and third cross-sections of the
sample was examined. As a result, in the first, second
and third cross-sections of the sample, circular
cross-sections of liquid-phase domains, which were
uniformly dispersed in the continuous solid-phase
domain and each had a size of from 2 to 4 pm in terms
of the average value of the long axis and short axis of
each domain, were observed. Most of the
above-mentioned circular cross-sections of ligquid-phase
domains had a size of about 3 um. In the first, second
and third cross-sections of the sample, the percentages
of the total cross-sectional areas of the liquid-phase
domains were, respectively, 12 %, 10 $ and 15 %, based
on the area of each cross-section 6f the sample. From
these results, it was found that the volume percentage
of the liquid-phase domains in the hybrid polymeric

electrolyte was 12.3 %.
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In the same manner as in Example 1, the ionic -
conductivity value of the hybrid polymeric electrolyte
was calculated and, as a result, it was found that the

ionic conductivity was 2.1 x 1074 S/cm.

Example 26

| The foamed sheet which had been prepared and
irradiated with electron beams (irradiation dose: 15
Mrads) in Example 4 was furfher irradiated with elec-
tron beams so that the irradiation dose became 15
Mrads. The sheet was then immersed in NMP in a vessel
and the whole was heated at 90 °C for.3 hours. Subse-
quently, the sheet was taken out from the vessel and
washed with acetone, thereby obtaining a dried sheet.
The weight of the dried sheet was measured, and from
the weight of the dried sheet, the weight percentage of
the crosslinked polymer segment produced by the irra-
diation of electron beams was measured, and found to be
75 %, based on the weight of the sheet before the
impregnation with NMP.

The sheet was placed in the same non-agueous
electrolytic solution as used in Example 4 (EC/PC/7-BL
weight ratio = 1/1/2, and LiBF, concentration:

1.5 mol/liter), and kept therein for 2 hours at 100 °C

so as to impregnate the foamed sheet with the non-
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aqueous electrolytic solution, thereby obtaining a -
swollen foamed sheet as a hybrid polymeric electrolyte.
The amount of the non-agqueous electrolytic solution in
the hybrid polymeric electrolyte was 72 % by weight, as
calculated from the weight difference between the
foamed sheet (prior to the impregnation of the non-
aqueous electrolytic solution) and the hybrid polymeric
electrolyte.

A sample for observing cross-sections was obtained
from the hybrid polymeric electrolyte sheet in substan-
tially the same manner as in Example 1, and each of the
first, second and third cross-sections of the sample
was examined. As a result, in the first, second and
third cross-sections of the sample, circular cross-
sections of liquid-phase domains, which were uniformly

dispersed in the continuous solid-phase domain and each

had a size of from 2 to 12 ym in terms of the average

value of the long axis and short axis of each domain,
were observed. In the first, second and third cross-
sections of the sample, the percentages of the total
cross-sectional areas of the liquid-phase domains were,
respectively, 48 %2, 54 % and 50 %, based on the area of
each cross-section of the sample. From these results,
it was found that the volume percentage of the liquid-

phase domains in the hybrid polymeric electrolyte was
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51.3 %. .
In the same manner as in Example 4, the ionic
conductivity value of the hybrid polymeric electrolyte
was calculated and, as a result, it was found thaf the

ionic conductivity was 2.9 x 10-3 S/cm.
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INDUSTRIAL APPLICABILITY -

The hybrid polymeric electrolyte of the present
invention has not only high ionic conductivity, high
mechanical strength, excellent flexibility and excel-
lent processability, but also has the ability to prev-
ent the non-aqueous electrolytic ligquid from leakage,
so that the electrolyte of the present invention can be
advantageously used in various non-aqueous electrochem-
ical devices such as a lithium battery, a lithium
secondary battery, a photoelectrochémical battery, an
electrochemical sensor and an electrical double layer
capacitor. The non-agqueous electrochemical device
comprising the hybrid polymeric electrolyte of the
present invention exhibits not only excellent electro-
chemical performance, but also has high ability to
retain an electrolytic liquid therein, so that the
electrochemical device has excellent safety and is

highly reliable in practical use thereof.
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Claims

1. A hybrid polymeric electrolyte formed of a
closed-cell cellular polymer foam impregnated with an
electrolytic liquid, comprising:

a plurality of closed cells defined by cell walls
constituting a continuous solid-phase domain for said
hybrid polymeric electrolyte,

said continuous solid-phase domain comprising a
continuous solid polymer matrix impregnated with a non-
aqueous electrolytic liquid selected from the group
consisting of a solution of an electrolyte in a non-
aqueous solvent and a liquid electrolyte,

each of said plurality of closed cells being
substantially filled with said non-agueous electrolytic
liquid to form a plurality of liquid-phase domains for
said hybrid polymeric electrolyte which are dispersed

in said continuous solid-phase domain.

2. The hybrid polymeric electrolyte according to
claim 1, wherein said plurality of liquid-phase domains
comprise major liquid-phase domains each having a size
of 2 ym or more in terms of the average value of the
long axis and short axis of each liquid-phase domain,

said major liquid-phase domains being present in an
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amount of from 5 to 95 % by volume, based on the entire
volume of said hybrid polymeric electrolyte, and wher-
ein said major liquid-phase domains contain effective
liquid-phase domains having a size of from 2 to 50 um
in terms of the average value as defined above, said
effective liquid-phase domains being present in an
amount of 60 % or more by volume,.based on the total

volume of said major liquid-phase domains.

3. The hybrid polymeric electrolyte according to
claim 1 or 2, which has an ionic conductivity of at
least 1 x 1079 S/cm and which is substantially insus-
ceptive to oxidation and reduction at an electric
potential in the range of from 1 to 3 V as measured

relative to a reference electrode of metallic lithium.

4. The hybrid polymeric electrolyte according to any'
one of claims 1 to 3, wherein said continuous solid
polymer matrix is free of an ionic group and migrating

hydrogen.

5. The hybrid polymeric electrolyte according to any
one of claims 1 to 4, wherein said continuous polymer

matrix comprises a vinylidene fluoride polymer.
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6. The hybrid polymeric electrolyte according to any
one of claims 1 to 5, wherein said non-agqueous electro-
lytic liquid is contained in an amount in the range of
from 10 to 98 % by weight, based on the weight of said

hybrid polymeric electrolyte.

7. The hybrid polymeric electrolyte according to any
one of claims 1 to 6, wherein said continuous solid
polymer matrix comprises a crosslinked polymer segment

having a crosslinked structure.

8. The hybrid polymeric electrolyte according to
claim 7, wherein said crosslinked structure of the
crosslinked polymer segment is formed by electron beam

irradiation.

9. The hybrid polymeric electrolyte according to
claim 7 or 8, wherein said continuous solid polymer
matrix further comprises a non-crosslinked polymer
segment, and wherein the weight ratio of the cross-
linked polymer segment to the total weight of the
crosslinked polymer segment and the non-crosslinked

polymer segment is in the range of from 0.2 to 0.8.

10. The hybrid polymeric electrolyte according to any



10

15

20

25

THIS SHEET HAS BEEN

e s

16

161

N0 0 1

one of claims 1 to 9, wherein said non-aqueous electro-
lytic liquid is a solution of an electrolyte in a non-

agqueous solvent.

11. The hybrid polymeric electrolyte according to

claim 10, wherein said electrolyte is a lithium salt.

12. The hybrid polymeric electrolyte according to

claim 10 or 11, wherein said non-aqueous solvent com-
prises at least one compound selected from the group
consisting of a carbonate compound and an ester com-

pound.

13. The hybrid polymeric electrolyte according to any
one of claims 1 to 12, which is in the form of a sheet

having a thickness of from 5 to 500 um.

14. A method for producing a hybrid polymeric electro-
lyte according to claim 1, comprising impregnating a
closed-cell cellular polymer foam with a non-aqueous
electrolytic liquid selected from the group consisting
of a solution of an electrolyte in a non-aqueous sol-
vent and a liquid electrolyte, said polymer foam having
a plurality of closed cells defined by cell walls

constituting a continuous solid polymer matrix of said

as Been Reﬁaced
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polymer foam. .

15. The method according to claim 14, wherein the
amount of said plurality of closed cells of the polymer
foam is in the range of from 5 to 98 % by volume, based

on the entire volume of said polymer foam.

16. The method according to claim 15, wherein said
plurality of closed cells comprise first and second
fractions of closed cells, respectively, having a size
of from 1 to 50 ym and a size of larger than 50 pm,
each in terms of the average value of the long axis and
short axis of each closed cell and wherein said first
and second fractions of closed cells are, respectively,
present in an amount of 60 % or more by volume and in
an amount of less than 40 % by volume, each based on

the total volume of said plurality of closed cells.

17. The method according to any one of claims 14 to
16, wherein said impregnation of the polymer foam with
the non-agueous electrolytic liguid is conducted at a

temperature of from 35 to 200 °C.

18. The method according to any one of claims 14 to

17, wherein said non-aqueous electrolytic liquid fur-

This Sheet Has Been Rzﬂlaced
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ther comprises a swelling agent, and which further -
comprises removing at least a part of said swelling
agent after said impregnation of the polymer foam with

the non-aqueous electrolytic liquid.

19. The method according to any one of claims 14 to
18( wherein said non-aqueous electrolytic liquid is
used in an amount such that the produced hybrid poly-
meric electrolyte has an ionic conductiﬁity of at least
1.0 x 1074 S/cm, and that the surface area of the
produced electrolyte becomes 50 to 200 %, relative to
the surface area of the polymer foam prior to the

impregnation with the non-aqueous electrolytic liquid.

20. The method according to any one of claims 14 to
19, wherein said polymer foam has at least one con-
struction selected from a construction in which said
polymer foam comprises a crosslinked pélymer segment
having a crosslinked structure formed by electron beam
irradiation, and a construction in which said polymer

foam is in a stretched form.

21. A non-aqueous electrochemical device comprising at
least two electrodes, and a hybrid polymeric electro-

lyte according to any one of claims 1 to 13, wherein
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said at least two electrodes are disposed through said

hybrid polymeric electrolyte.

22. An electrode comprising a particulate electrode
material and a binder comprising a closed-cell cellular
polymer foam comprising a plurality of closed cells
defined by cell walls constituting a continuous solid

polymer matrix of said polymer foam.

23. The electrode according to claim 22, which is
impregnated with a non-aqueous electrolytic liquid
selected from the group consisting of a solution of an
electrolyte in a non-aqueous solvent and a liquid

electrolyte.

24. A method for producing an electrode according to

claim 22, comprising molding a mixture of a particulate

electrode material and a particulate closed-cell cellu-
lar polymer foam comprising a plurality of closed cells
defined by cell walls constituting a continuous solid

polymer matrix of said polymer foam.

25. A method for producing an electrode according to
claim 22, comprising molding a mixture of a particulate

electrode material and a polymer to obtain a molded



10

15

20

25

—_—

T

169

product, and foaming the polymer in said molded pro-

duct.

26. A non-aqueous electrochemical device comprising an

electrode according to claim 23.

27. The non-aqueous electrochemical device according

to claim 21, which is a lithium battery.

28. The non-agueous electrochemical device according

to claim 26, which is a lithium battery.



