a9y United States

US 20050001357A1

a2 Patent Application Publication o) Pub. No.: US 2005/0001357 Al

Fujiwara et al.

43) Pub. Date: Jan. 6, 2005

(54) MOLDED ELECTRODE, METHOD FOR
PRODUCTION THEREOFK, AND SECONDARY
BATTERY USING THEREOF

(75) Inventors: Masaki Fujiwara, Tokyo (JP); Yuji
Nakagawa, Tokyo (JP); Masato
Kurosaki, Tokyo (JP); Shinako
Kaneko, Tokyo (JP); Gaku Harada,
Tokyo (JP); Toshihiko Nishiyama,
Tokyo (JP)

Correspondence Address:

MCGINN & GIBB, PLLC
8321 OLD COURTHOUSE ROAD
SUITE 200

VIENNA, VA 22182-3817 (US)

(73) Assignee: NEC TOKIN Corporation, Sendai-shi
(JP)

(21) Appl. No.: 10/902,466

(22) Filed: Jul. 30, 2004

Related U.S. Application Data

(62) Davision of application No. 09/689,817, filed on Oct.

13, 2000.
(30) Foreign Application Priority Data
Oct. 14, 1999 (JP) coeieeee e 292537/1999

Publication Classification

51) Int. CL7 oo C08J 5/00; B29C 43/00
(

62 TR VRN © R 264/331.11; 264/241
(57) ABSTRACT

A molded electrode into one-piece 1s obtained by hot press-
ing an eclectrode material obtained by mixing a polymer
active material, a conductivity-enhancing agent and a plas-
ticizer, and a current collector sheet. The electrode structure
permits significant freedom when designing a secondary
battery which uses this electrode with a high energy density
and a high power density.
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MOLDED ELECTRODE, METHOD FOR
PRODUCTION THEREOFK, AND SECONDARY
BATTERY USING THEREOF

BACKGROUND OF THE INVENTION
0001] (1) Field of the Invention

0002] The present invention relates to a secondary battery
using a polymer active material. More particularly, the
present invention relates to the composition and structure of
an electrode using a polymer active material, as well as to a
method for production of the electrode.

0003] (2) Description of the Prior Art

0004] Secondary batteries using a polymer material (e.g.
a polyaniline or a polypyrrole) as an active material have
been developed. In typical method for producing a electrode
in such a secondary battery, a polymer active material, a
conductivity-enhancing agent and an organic binder (e.g. a
polytetrafluoroethylene) are kneaded using an appropriate
solvent to obtain an electrode mixture; this electrode mixture
is coated on a current collector (e.g. a metal foil), followed
by drying, to form a film (or layer) of ordinarily about 20 to
100 yum 1n thickness on the current collector., The resulting
clectrode 1s used as a positive electrode and/or a negative
clectrode; a separator 1s interposed between the positive
electrode and the negative electrode, and a plurality of such
combinations are laminated on each other to obtain a lami-
nated type battery, or such a combination 1s wound to obtain
a wound type battery.

[0005] In the above production method, however, during
the drying of the coating film of electrode mixture formed on
the current collector, the solvent contained in the coating
f1lm vaporizes, which incurs the contraction of the film and
often generates cracks 1n the film. This phenomenon 1s more
striking when the coating film 1s formed 1n a larger thick-
ness; therefore, 1t 1s difficult to form a thick film. A large
amount of the electrode active material 1s required 1n order
to allow the produced battery to have a large energy density
(i.e. a large energy per battery volume). In the above
production method, the volume of the current collector 1n the
battery 1s inevitably large; therefore, it 1s difficult to increase
the amount of the active material to a level higher than now,
within the restramnt of limited battery volume. Thus, 1n the
conventional production method, 1t has been difficult to
further enhance the energy density of a battery using a
polymer active material.

[0006] Conventional batteries had other problem. That is,

they use a polyvinylidene fluoride, a polytetratluoroethylene
or the like as the binder. With such a binder, the surface of
the polymer active material 1s covered with the binder and
a thin film of the binder 1s formed on the surface of the
current collector. Consequently, the battery comes to have an
increased electrical resistance and a decreased power den-
Sity.

[0007] Conventional batteries had still other problem.
That 1s, the electrode of battery has been limited to a sheet
type, which has made low the freedom of battery designing.

[0008] In JP-A-8-64200, it 1s described that by adding a

plasticizer to a polymer active material, the adhesivity of the
active material to an electrode substrate 1s increased,
enabling a battery of higher energy density. In JP-A-8-
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64200, however, since the polymer active material, the
plasticizer, etc. are coated mn a liquid state to form an
electrode member, it is difficult to form the film (or layer) in
a large thickness, for the same reason as mentioned previ-
ously; therefore, the approach by JP-A-8-64200 1s still
insufficient with respect to the energy density of battery.

[0009] Thus, an electrode structure having a large ratio of
electrode active material amount to current collector has
been needed, but such an electrode has been unknown.

SUMMARY OF THE INVENTION

[0010] In view of the above-mentioned problem of the
prior art, the object of the present 1nvention 1s to provide a
secondary battery using a polymer active material, which
has a large energy density and a large power density and
which has a high freedom 1n battery designing. The another
object of the present 1nvention 1s to provide a method for
producing a secondary battery of large energy density and
large power density 1n a high freedom for battery designing,
using a polymer active material.

[0011] Accordingly, the present invention is directed to a
molded electrode comprising: (a) an electrode material
comprising a polymer active material, a conductivity-en-
hancing agent and a plasticizer and (b) a current collector
sheet; the electrode material and the current collector sheet
molded 1nto one piece, and the electrode material being 1n a
thickness of 300 um to 9 mm and formed on at least one side
of the current collector sheet.

[0012] Another aspect of the present invention 1s directed
to a molded electrode comprising: (a) an electrode material
comprising a polymer active material, a conductivity-en-
hancing agent and a plasticizer and (b) a plurality of current
collector sheets; the electrode material and the current
collector sheets formed into one piece, and the current
collector sheets spaced each other 1n the thickness direction
of the electrode.

[0013] Yet Another aspect of the present invention is
directed to a molded electrode comprising: (a) an electrode
material comprising a polymer active material, a conductiv-
ity-enhancing agent and a plasticizer and (b) at least one
current collector sheet; the electrode material and the current
collector sheet formed into one piece, and the ratio of the
volume of the electrode material and the volume of the
current collector sheet being 30:1 to 100:1, provided the
volume of the terminal portion of the current collector sheet
1s excluded from the volume of the current collector sheet.
In this case, a plurality of the collectors and the electrode
material may be molded into one piece.

[0014] Yet another aspect of the present invention 1is
further directed to a method for producing a molded elec-
trode, which comprises a step of: hot pressing (a) an
clectrode material which 1s a mixture of a polymer active
material, a conductivity-enhancing agent and a plasticizer
and (b) at least one current collector sheet.

[0015] Yet another aspect of the present invention is
further directed to a method for producing a molded elec-
trode, which comprises steps of: (1) hot pressing (a) an
clectrode material which 1s a mixture of a polymer active
material, a conductivity-enhancing agent and a plasticizer
and (b) at least one current collector sheet to form a molded
material and (i1) conducting once or more times step of (ii-1)
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hot pressing the molded material, the same electrode mate-
rial and a current collector sheet, or/and (11-2) laminating and
hot pressing a plurality of molded materials each produced
as above, whereby forming a one-piece molded electrode
comprising the electrode material and a plurality of current
collector sheets spaced each other 1n the thickness direction
of the electrode.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] FIG. 1 is a sectional view showing an example of
the molded electrode of the present invention.

10017] FIG. 2 is a sectional view showing other example
of the molded electrode of the present invention.

[0018] FIG. 3 is a sectional view showing still other
example of the molded electrode of the present imnvention.

10019] FIG. 4 is a sectional view showing still other
example of the molded electrode of the present imvention.

10020] FIG. 5 1s a sectional view showing the inside
structure of an example of the battery of the present inven-
tion.

10021] FIG. 6 1s a graph showing the discharge charac-
teristic of the battery of Example 1 of the present invention
(ordinate=voltage, abscissa=discharge capacity).

EXPLANATION OF NUMERALS
[10022] 1: Molded electrode

10023] 2: Electrode material

[10024] 3: Current collector

[0025] 4: Terminal

[0026] 6: Negative electrode (metal lithium)
[0027] 7: Separator

[0028] 8: Casing member

[0029] 9: Nickel current collector

[0030] 10: Electrode material

[0031] 11: Molded electrode

DETAILED DESCRIPTION OF THE
INVENTION

[0032] In a battery using a particular positive electrode
active material, a particular negative electrode active mate-
rial, a particular electrolytic solution, etc., its energy density
1s alfected by the ratio of the electrode material used therein
and the density of the electrode material per se.

[0033] With respect to the volume ratio of the electrode
material used 1n battery, the molded electrode of the present
invention has a large ratio of electrode material to current
collector and therefore can provide a secondary battery
having a large energy density. That 1s, since the molded
clectrode of the present invention contains a plasticizer
together with a polymer active material, 1t can be quite easily
molded from a mixed powder and, after molding, has shape
retainability; therefore, the electrode material layer 1n the
present molded electrode can be made thicker than in
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conventional electrodes and, as a result, the present molded
clectrode has a very large ratio of electrode material to
current collector.

[0034] With respect to the density of electrode material per
se, the present electrode material 1s used 1n a molded form
and accordingly has a high density; therefore, a battery of
high energy density 1s obtained.

[0035] Meanwhile, the power density of battery, which is
also an 1mportant property of battery like the energy density,
1s affected mainly by the internal impedance of battery. A
smaller internal 1mpedance gives a superior power density.

[0036] The molded electrode of the present invention uses
no binder used 1n conventional electrodes. Consequently, 1n
the present molded electrode, there 1s no formation of an
insulating film on the surface of the current collector; the
adhesivity between the current collector and the electrode
material 1s high; and the interfacial resistance i1s very low.
Further, since the electrode material 1s used mm a molded
form and has a high density, the resistance between active
material molecules 1s also low. For these reasons, the inter-
nal impedance of the electrode 1s small, whereby a battery
of high power density 1s obtained.

[0037] The present invention is described in detail below
with referring to the accompanying drawings.

[0038] FIG. 1 1s a sectional view of an example of the
molded electrode of the present invention. This example
illustrates a molded electrode 1 obtained by molding an
electrode material 2 and a current collector sheet 3 1into one
piece 1n such a condition that the electrode material 2
contacts with one side of the current collector sheet 3. In the
present mvention, “the state in which an electrode material
and a current collector sheet are molded 1nto one piece”
refers to a state 1n which the polymer active material 1n an
electrode material 1s melted or softened during the course of
molding, causes sticking between the particles, 1s molded
along the die used for molding, and adheres to a current
collector sheet to form a one-piece electrode. The molded
clectrode has such a porosity that the electrode can function
as such, for example, a porosity of 20 to 30% 1n volume, and
yet has, by itself, shape retainability similar to plastic
molded materials obtained by molding.

[0039] Since the present molded electrode has shape
retainability by 1tself, the electrode material used therein can
have a thickness (d,) of 300 um or more, easily 500 um or
more (particularly more than 500 um), preferably 700 m or
more, particularly preferably 1 mm or more. When the
thickness 1s too large, the distance from the current collector
to the electrode material surface as average becomes large,
which may, 1n a embodiment, increase the internal 1imped-
ance of battery. Therefore, the thickness 1s ordinarily 9 mm
or less, preferably 8 mm or less, particularly preferably 7
mm or less. In the most preferred embodiment, the thickness
of the electrode material 1s larger than 0.5 mm but not larger
than 4 mm.

[0040] As above, in the molded electrode of the present
invention, the electrode material can have a large thickness.
Therefore, the volume ratio of the electrode material to the
current collector can be made large as compared with
conventional electrodes using the same current collector,
whereby a battery having a higher energy density can be
obtained.
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[0041] If there is no particular restriction in selection of
the material for current collector, the thickness (d,) of the
current collector 1s preferably small because, with a smaller
current collector thickness, the volume ratio of electrode
material to current collector can be made larger. When a very
large volume ratio of electrode material to current collector
is desired, the current collector thickness (d,) is preferably,
for example, 100 um or less, more preferably 50 um or less,
particularly preferably 30 um or less. The current collector
thickness 1s preferably as small as possible as long as the
required current collector strength i1s ensured; however,
when an ordinary metal 1s used as the current collector, a
current collector having a thickness of about 10 m or more
1s used for the availability and other reason. The volume
ratio of electrode material to current collector can be made
even larger by using a mesh type (holes-containing type)
current collector. Use of a mesh type current collector has a
further advantage of improved adhesivity between electrode
material and current collector. The mesh type current col-
lector, however, has a smaller area for current collection;
therefore, selection of a material for current collector need
be made by considering various factors.

10042] In the present invention, the thicknesses of the
clectrode material and the current collector can be set as
mentioned above. Therefore, when a very large volume ratio
of electrode material to current collector 1s desired, the ratio
can be set at 30:1 to 100:1, further at 30:1 to 80:1, particu-
larly 30:1 to 60:1. The electrode material 1s not formed on
the whole surface of the current collector but, as shown 1n
FIG. 1, 1s formed ordinarily on the surface part excluding
the terminal portion 4 (this portion is generally called a tab).
Therefore, 1n the present imvention, in determining the
volume ratio of electrode material to current collector, the
rat1o 1s calculated by subtracting the volume of the terminal
portion 4 from the total volume of the current collector. That
1s, 1n determining the volume ratio, only the portion of the
current collector functioning as such 1s taken 1nto consider-
ation.

[0043] In the present invention, the mode of the molded
clectrode can be a one-piece electrode in which an electrode
material 1s provided on the both sides of a current collector
sheet, as shown in FIG. 2. In this case, the thickness (d;) of
the electrode material on the other side of the current
collector can be set at the same level as (d,); however, as
long as a desired volume ratio 1s satisiied, 1t 1s possible that
(d,) is set in the above-mentioned range and (d5) is set at 300
um or less. Such a one-piece electrode mode 1n which an
electrode material 1s provided on the both sides of a current
collector sheet, 1s effectively used, for example, when this
electrode 1s placed 1n the middle and two opposite electrodes
are placed so as to surround the former electrode, or when
a positive electrode and a negative electrode are laminated.

10044] FIG. 3 is a sectional view showing still other mode
of the molded electrode of the present invention. In the
molded electrode of this mode, a plurality of current col-
lector sheets (three sheets in the case of FIG. 3) and an
clectrode material are molded into a one-piece electrode.
Such an electrode structure has hitherto been unknown and
1s novel. In such a molded electrode using a plurality of
current collector sheets, the thicknesses (d, and d,') of the
outermost electrode material layers, the current collector-to-
current collector distances (ds), etc. can be set appropriately.
In that case, the current collector-to-current collector dis-
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tances need not be equal to each other; in the molded
clectrode of FIG. 3, the distance between the current col-
lector 3a and the current collector 36 may be different from
the distance between the current collector 3b and the current
collector 3¢. The individual current collectors need not be
parallel to each other and can be arranged 1n such a structure
that each current collector and the electrode material can
take part 1n a reaction efficiently. That 1s, a structure 1n which
a plurality of current collector sheets are inserted in the
thickness direction of electrode, can be employed as long as
the electron conductivity and 1on conductivity of electrode
do not cancel each other.

[0045] In order to obtain a large volume ratio of electrode
material to current collector as compared with the volume
ratio of the conventional electrode using the same current
collector, it can be easily obtained by setting the (d,) and
(ds) at, for example, the above-mentioned level of (d,). The
(d,") can be set appropriately so as to match the form of the
battery to be produced.

[0046] When a very large volume ratio of electrode mate-
rial to current collector 1s required, a volume ratio mentioned
with respect to the mode of FIG. 1 can be easily achieved
by appropriately selecting the thickness of current collector.

[0047] In the above molded electrode using a plurality of
current collector sheets, when the current collector(s) near to
an opposite electrode are a mesh type (a holes-containing
type), 1on can pass through the mesh and the current
collector(s) distant from the opposite electrode can be uti-
lized more efficiently. As shown 1n FIG. 3, when the molded
clectrode of the present invention i1s used as a positive
electrode and the current collectors 3a and 3b near to a
negative electrode is a mesh type (a holes-containing type),
the current collector 3¢ most distant from the negative
clectrode can be utilized more efficiently.

[0048] In the present invention, the electrode material can
have unevenness at the surface. FIG. 4 1s an example of the
molded electrode of the present invention, having uneven-
ness at the surface. In this example, the surface area 1s larger
than the case having a flat surface. That 1s, since the molded
clectrode of the present invention has shape retainability by
itself, the shape thereof such as surface condition or the like
can be designed relatively freely.

[0049] As the current collector used in the present inven-
fion, there can be mentioned for example, a processed
carbon material (a sheet, a film or a mesh); a conductive
butyl rubber containing carbon black by kneading; a pro-
cessed material (a sheet, a foil or a mesh) of a metal such as
nickel, zinc, copper, tin, stainless steel, aluminum, tantalum,
niobium, tungsten or titanium; and a film of a conductive
polymer such as polyaniline, polythiophene, polypyrrole,
polyphenylenevinylene, polyphenylacetylene or polyacety-
lene. From these materials can be appropriately selected a
current collector which causes neither quality change nor
embrittlement 1n the one-piece molding with the electrode
material 1n a hot press and which 1s neither soluble 1n nor
corroded by an electrolytic solution described later. A metal
foi1l or mesh which 1s neither soluble nor corroded, 1s used
ordinarily. The current collector may have a roughened
surface for higher adhesivity with the electrode material.
The roughened surface can be obtained by sandblasting,
laser processing or chemical (or electrochemical) etching.
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As mentioned previously, the current collector may be a
mesh type or may have a large number of through-holes by
punching.

[0050] The polymer active material used in the present
invention can be a polymer material capable of conducting
an electrochemical oxidation-reduction reaction. Such a
polymer material 1s explained by classifying into the fol-
lowing four groups (1) to (iv) based on the functions.

[0051] (1) The first type is a polymer capable of conducting
an oxidation-reduction reaction by doping/dedoping of
anion and doing/dedoping of proton. There can be men-
tioned, for example, polymers of aniline or an aniline
derivative and polymers of indole or an indole derivative.

[0052] As the aniline derivative, there can be mentioned,
for example, biphenylaniline, 3-methylaniline, 3,5-dimethy-
laniline, 3-ethylaniline, 3-n-propylaniline, 3-methoxya-
niline, 3-ethoxyaniline, 3,5-dimethoxyaniline, 3,5-di-
cthoxyaniline, 3-phenylaniline, 4-phenylaniline, 3,5-
diphenylaniline, 3-naphthylaniline, 3-toluylaniline, 2,5-
dimethylaniline, o-phenylenediamine,
o-aminobenzenesulfonic acid, o-aminobenzoic acid, ami-
nobenzonitrile, aminobenzophenone, aminoacetophenone,
aminoanthracene, p-aminoazobenzene, chloroaniline, fluo-
roaniline, aminodiphenyl, aminodiphenylamine, aminoni-
trophenol and aminonitrotoluene. As the indole derivative,
there can be mentioned, for example, 5-cyanoindole, 5-ni-
tromndole and 6-nitroindole.

[0053] (11) The second type 1s a polymer capable of
conducting an oxidation-reduction reaction by doping/de-
doping of anion and cation. There can be mentioned, for
example, polymers of pyrrole or a pyrrole derivative such as
N-methylpyrrole, N-ethylpyrrole, N-octylpyrrole or the like.

[0054] (111) The third type is a polymer capable of con-
ducting an oxidation-reduction reaction by doping/dedoping
of anion. There can be mentioned, for example, polymers of
thiophene or a thiophene derivative such as 3-methylth-
iophene, 3-ethylthiophene, 3,4-dimethylthiophene, 3,4-di-
cthylthiophene, 2,5-ethylenedioxythiophene, i1sothionaph-
thene, 3-thiophene-f3-cthanesulfonal or the like; a
polyacetylene; a polydiacetylene; a polythiazyl; a polysele-
nophene; a polyfuran; a polytellurophene; a polyazulene; a
polyindene; and a polyparaphenylene.

[0055] (1v) The fourth type is a polymer capable of con-
ducting an oxidation-reduction reaction by doping/dedoping
of cation and doping/dedoping of proton. There can be
mentioned, for example, a polynaphthylene, a polyan-
thracene, a polypyridine, a polypyrimidine, a polybipyri-
dine, a polyquinoxaline and a polydiaminoanthraquinone.

[0056] These polymers differ in potential at which they
grve rise to an oxidation-reduction reaction. Therefore, the
polymer active material 1s appropriately selected from them
depending upon the battery voltage desired or the reaction
potentials of the positive electrode and negative electrode
used 1n combination.

[0057] There is no particular restriction as to the method
for producing the polymer active material; however, there
can be used known methods such as electrolytic oxidative
polymerization, chemical oxidative polymerization, conden-
sation and the like.
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[0058] The plasticizer used in the present invention can be
a compound capable of imparting plasticity to the polymer
active material and enhancing its flexibility and processabil-
ity. In the present invention, use of a plasticizer can greatly
enhance, in particular, the moldability 1n hot pressing which
1s described later. The plasticizer 1s preferably an organic
solvent having a boiling point of 200° C. or more and a
vapor pressure of 5 mmHg or less at 85° C. As specific
examples, there can be mentioneddibutyl phthalate, butyl
butylphthalylglycolate, di-2-ethylhexyl phthalate, diisohep-
tyl phthalate, diisobutyl phthalate, diethylhexyl adipate,
diethylhexyl sebacate, trioctyl trimellitate, tricresyl phos-
phate, triphenyl phosphate, methyl acetylricinolate, epoxy-
alkyl stearate, epoxytriglyceride, octyl epoxidized tetrahy-
drophthalate, chlorinated parathin, chlorinated diphenyl and
chlorinated polyethylene. Of these, particularly preferred are
dibutyl phthalate, butyl butylphthalylglycolate, diethylhexyl
adipate and trioctyl trimellitate. These plasticizers may be
used 1n combination of two or more Kinds.

[0059] The conductivity-enhancing agent used in the
present 1nvention can be a conductivity-enhancing agent
generally used as a battery material. As specific examples,
there can be mentioned a powder of conductive carbon such
as acetylene black, Ketjen Black, aniline black, vapor phase-
grown carbon, graphite, active carbon or the like; a sintered
carbon powder or fiber obtained by sintering and carboniz-
ing a polyacrylonitrile, a polyimide, a pitch, a cellulose, a
phenolic resin or the like; a powder or fiber of a metal such
as nickel, gold, silver, copper, tin, stainless steel, aluminum,
tantalum, niobium, tungsten, titanium or the like; and a
powder or fiber of a conductive polymer such as polyaniline,
polythiophene,  polypyrrole,  polyphenylenevinylene,
polyphenylacetylene, polyacetylene or the like. Preferably,
an agent neither soluble 1in nor corroded by the electrolytic

solution (described later) is appropriately selected from the
above agents and used.

[0060] The conductivity-enhancing agent has no particular
restriction as to the shape as long as it has a shape ordinarily
possessed by such agents. The shape can be, for example,
particles having a particle diameter (in terms of the three-
dimensionally largest diameter) of about 20 um or less,

preferably about 5 um or less, or a fiber having a diameter
of 0.01 to 10 um and a length of about 0.5 to 100 um.

[0061] In the present invention, the amount of the plasti-
cizer 1s preferably 2 to 15% by weight relative to the total
welght of the polymer active material, the conductivity-
enhancing agent and the plasticizer. In general, when the
amount of the plasticizer 1s increased, improved moldability
1s obtained, molding 1n hot press becomes easy as mentioned
later, and cracking or chipping of electrode takes place
hardly. Consequently, low-temperature molding becomes
possible and 1t 1s possible to mold at a temperature distinctly
lower than the thermal decomposition temperature of the
polymer; therefore, for example, scission of polymer main
chain does not take place and electrical activity can be
maintained. The amount of the plasticizer 1s particularly
preferably 5% by weight or more 1n view of the moldability
of electrode. Meanwhile, since the plasticizer 1s substantially
an 1nsulating material, the amount thereof 1s preferably 10%
by weight or less 1n view of the energy density and power
density of electrode.
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[0062] The weight ratio of the polymer active material and
the conductivity-enhancing agent i1s preferably 50:50 to

90:10, particularly preferably 75:25 to 90:10.

[0063] Next, description is made on the method for pro-
ducing a molded electrode according to the present inven-
tion.

[0064] In the present method for producing a molded
clectrode, an electrode material containing a polymer active
material, a conductivity-enhancing agent and a plasticizer 1s
prepared by mixing (this electrode material is hereinafter
referred to as electrode mixture). The electrode mixture is
subjected to hot pressing, together with one or more current
collector sheets.

[0065] Preferably, the polymer active material used in
mixing 1s beforehand ground into an average particle diam-
eter of 20 mesh or less, particularly 60 mesh or less using,
for example, an agate mortar or an analytical mill.

[0066] Mixing of the ground polymer active material, the
conductivity-enhancing agent and the plasticizer may be
conducted by any method. For example, a plasticizer may be
added to a powdery polymer active material and a conduc-
tivity-enhancing agent, followed by mixing; or, thorough
mixing may be conducted using an appropriate solvent for
casier mixing and dispersion, followed by removal of the
solvent by, for example, drying.

[0067] In molding the above-obtained electrode mixture
and a current collector sheet 1nto one piece, pressing using
a die such as mold or the like 1s preferred. The die 1s
preferably made of stainless steel, ultrahigh strength steel or
the like 1n view of the shape and dimensional stability
required at high temperatures. A molded electrode of desired
shape can be obtained by appropriately selecting the die
shape. For example, by using a die having unevenness at the
surtace, a molded electrode having unevenness at the surface
of the electrode material can be obtained.

[0068] In forming a molded electrode having a structure
shown 1n FIG. 1, a current collector sheet 1s placed 1n a die;
an clectrode mixture 1s filled thereon; an upper die for
pressurization 1s placed thereon; and a pressure of, for
example, 40 to 200 kgf/cm® is applied and heating is
conducted at, for example, 150 to 300° C. There is no
particular restriction as to the method for pressurization and
heating. The polymer active material powder 1n the electrode
mixture melts easily owing to the presence of a plasticizer in
the molded electrode. After cooling, a one-piece molded
clectrode 1n which the polymer active material containing a
conductivity-enhancing agent adheres to the current collec-
tor sheet, 1s taken out of the die.

[0069] The molding conditions such as applied pressure,
applied temperature and the like can be approprately
changed depending upon the kind, properties (e.g. polymer-
ization degree), etc. of the polymer active material used, the
shape and dimension of the molded electrode desired, the
heat capacity of the die used, etc. However, the molding
conditions are appropriately selected in the above-shown
ranges so that the polymer active material 1s not adversely
affected. The molding time can also be set appropriately.

[0070] In forming a molded electrode having a structure
shown 1n FIG. 2, an electrode mixture 1s filled into a die 1n

two portions so that a current collector sheet 1s 1nterposed
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between the two portions, after which hot pressing i1s con-
ducted once to obtain a molded electrode. Or, a molded
clectrode of FIG. 1 1s obtained; then, 1t 1s placed 1n a die
with the side of the current collector not covered with the
clectrode mixture, being directed upward; a fresh electrode
mixture 1s placed on the side; and the resulting combination
1s subjected to hot pressing. Or, a molded material 1s formed
using only an electrode mixture; this molded material 1s
placed on a molded electrode of FIG. 1 at the side of the
current collector not covered with the electrode mixture; and
the resulting combination 1s subjected to hot pressing.

[0071] In forming a molded electrode shown in FIG. 3 in
which a plurality of current collector sheets and an electrode
mixture are molded into one piece, hot pressing may be
conducted once as mentioned above to mold 1nto one-piece.
Or, firstly, a molded electrode of FIG. 1 1s formed; then, 1n
the same die, a current collector sheet 1s placed on the
solidified electrode mixture of the molded electrode and a
fresh electrode mixture powder 1s placed thereon; hot press-
ing 1s conducted to obtain a molded electrode containing two
current collector sheets; and this operation 1s repeated nec-
essary times to obtain a molded electrode containing a
desired number of current collector sheets. Or, a plurality of
molded electrodes of FIG. 1 are formed, then laminated on
cach other, and subjected to hot pressing.

[0072] The molded electrode formed by the above method
has a porosity of, for example, about 20 to 30% 1n volume,
1s 1n a state of relatively high density packing, and has such
a relatively high hardness as regarded as a so-called molded
plastic.

[0073] In the secondary battery of the present invention,
such a molded electrode 1s used as at least either of the
positive electrode and the negative electrode. For which
clectrode the molded electrode 1s used, 1s determined
depending upon, for example, the kind of the polymer active
material used 1 the molded electrode and 1ts combination
with the electrolytic solution and the opposite electrode.

|0074] The secondary battery of the present invention is
obtained by laminating a positive electrode and a negative
clectrode with interposing a separator between them for
prevention of short circuiting between the two electrodes,
and allowing the resulting laminate to hold an appropriate
electrolytic solution, and accommodating them 1n an appro-
priate vessel. Alternately, a solid electrolyte may be used in
place of the separator.

[0075] The eclectrolytic solution used in the secondary
battery of the present mvention 1s classified as follows and
cach type includes the following solutions.

[0076] As a non-aqueous electrolytic solution, there can
be mentioned those obtained by dissolving, in a solvent of

high polarity, an electrolyte such as LiPF., LiSbF ., LiAsF,,
LiBF,, LiClO,, LiCF,SO;, Lil, KPF, KCO,, n-(Bu) ,NBF,,
n-(Bu),NCIO,' LiAlICl, or the like. Specific examples of the
solvent are propylene carbonate, ethylene carbonate, ben-
zonitrile, acetonitrile, tetrahydrofuran, 2-methyltetrahydro-
furan, y-butyrolactone, dioxolan, triethyl phosphite, dimeth-
ylformamide, dimethylacetamide, dimethyl sulfoxide,
dioxane, dimethoxyethane, polyethylene glycol, sulfolane,
dichloroethane, chlorobenzene, nitrobenzene and diethyl
carbonate. These solvents can be used in admixture of two
or more Kinds.
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[0077] As aneutral electrolytic solution, there can be used,
for example, an aqueous solution of a metal sulfate such as
copper sulfate, zinc sulfate or the like, or an aqueous
solution of a metal chloride such as copper chloride, zinc
chloride or the like.

[0078] As a proton-based electrolytic solution, there can
be used an aqueous solution of sulfuric acid, phosphoric acid
or hydrochloric acid, or a non-aqueous solution containing
a proton source such as HBF,, HPF ., HC1O,, HAO or the
like. As the specific solvent used m the non-aqueous solu-
tion, there can be mentioned, for example, propylene car-
bonate, ethylene carbonate, benzonitrile, acetonitrile, tet-
rahydrofuran, 2-methyltetrahydrofuran, v-butyrolactone,
dioxolan, triethyl phosphite, dimethylformamide, dimethy-
lacetamide, dimethyl sulfoxide, dioxane, dimethoxyethane,
polyethylene glycol, sulfolane, dichloroethane, chloroben-

zene, nitrobenzene and diethyl carbonate. These solvents
can be used 1n admixture of two or more kinds.

[0079] When there is utilized an oxidation-reduction reac-
tion by doping/dedoping of proton which 1s a function of the
polymer active material, proton must be present in the
electrolytic solution and accordingly the above-mentioned
proton-based electrolytic solution 1s used. An acidic aqueous
solution 1s used generally. However, a non-aqueous solution
containing a proton source such as HBF,, HPF., HCO,,

HAO or the like can also be used.

[0080] When there 1s utilized the doping/dedoping of

cation or anion by the polymer active material, a reaction 1s
possible if an anion or cation 1s present in the electrolytic
solution and, therefore, any of the above-mentioned non-
aqueous electrolytic solution, neutral electrolytic solution
and proton-based electrolytic solution 1s usable 1n many
cases.

[0081] As the separator, a material 1s used which has
permeability to the 1on of electrolytic solution and which 1s
superior 1n liquid holdability. There can be mentioned, for
example, a glass fiber filter; a pore filter non-woven fabric
or porous stretched material of a polymer such as polyester,
teflon, polytlon, polyethylene, polypropylene or the like; and
a non-woven fabric or porous stretched material consisting
of a glass fiber and the above polymer.

[0082] With respect to the solid electrolyte used in place
of the separator, there can be mentioned, as the non-aqueous
solid electrolyte, an 1norganic material such as metal halide
(e.g. AgCl, AgBr, Agl or Lil), RbAg,I., RbAg,I,CN or the
like; a polymer/electrolyte composite obtained by dissolving
the above-mentioned electrolyte salt in a polymer matrix
such as polyethylene oxide, polypropylene oxide, polyvi-
nylidene fluoride, polyacrylamide or the like; a gel-like
crosslinked material thereof; and a gel-like polymer solid
clectrolyte obtained by dissolving the above-mentioned
clectrolytic solution 1 the above-mentioned polymer
matrix.

[0083] As the proton-conducting solid electrolyte, there
can be mentioned, for example, a polystyrenesulifonic acid,
a polyvinylsulfonic acid, a polyarylsulfonic acid, a polyacr-
ylsulfonic acid and a polyacrylic acid. There can also be
used a mixture of a polar polymer (e.g. a polyacrylamide, a
polyethyleneimine, a polyvinyl alcohol or a polyethylene
oxide) and an inorganic acid (e.g. sulfuric acid, phosphoric
acid or hydrochloric acid).
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EXAMPLES

|0084] Next, the present invention is described in more
detail below by way of Examples.

Example 1

[0085] In this Example, a current collector sheet and an
clectrode material were hot-pressed into a one-piece molded
clectrode having a structure of FIG. 1; and a battery was
constituted using the molded electrode as the positive elec-
trode.

[0086] Production of Battery of Example 1

[0087] First, description 1s made on production of a bat-
tery in the following (1) to (4).

[0088] (1) Production of Positive Electrode Mixture

[0089] An aqueous solution of 1 M ammonium peroxo-
disulfate and an aqueous solution of 1 M of an aniline
monomer were mixed with stirring at room temperature for
3 hours to allow a polymerization reaction to proceed
slowly. The polymerization reaction product obtained was
ground to 60 mesh or below using an agate mortar. Thereto
was added an aqueous solution of 1 M of paratoluene-
sulfonic acid. The mixture was stirred at 65° C. for 12 hours
to dope the polyaniline (PAn) with a paratoluenesulfonic
acid anion (pTOS™), whereby a PAn/pTOS™ powder having

conductivity was obtained.

[0090] There were mixed the above powder (80% by
welght), a vapor phase-grown carbon (10% by weight) as a
conductivity-enhancing agent and butyl butylphthalylglyco-
late (10% by weight) as a plasticizer. To the mixture was
added an appropriate amount of N-methyl-2-pyrrolidone as
a solvent, and the resulting mixture was kneaded sufficiently
and then dried at 150° C. for 30 minutes to evaporate the
solvent. The resulting material was placed 1n an agate mortar
and ground to obtain a powdery electrode mixture consisting,
of a PAn/pTOS powder, a vapor phase-grown carbon and
butyl butylphthalylglycolate.

0091] (2) Placement of Current Collector in Molding Die

0092] There was prepared, as a die for electrode molding,
a stainless steel die having a hollow portion of 3 cm (width),
6 cm (length) and 1 cm (depth). Inside this die was placed
a nickel foil of 50 um (thickness), 3 cm (width) and 6 cm
(length) to be used as a current collector. The surface of the
nickel foil had beforehand been roughened by sandblasting.

[0093] (3) Filling of Electrode Mixture and Hot Press
Molding

[0094] A rectangular stainless steel block of 1 cm (thick-
ness), 1 cm (length) and 3 cm (width) was placed on one end
(of lengthwise direction) of the current collector placed in
the die, to mask the end. (This masked portion is later used
as a terminal because no electrode material 1s formed
thereon.)

[0095] Then, 3.9 g of the electrode mixture powder pro-
duced 1n the above (1) was uniformly filled on the current
collector placed 1n the die; the current collector and the
electrode mixture were hot-pressed under the conditions of
temperature of 200° C., at pressure of 100 kegf/cm” for 30
minutes using a rectangular pressing die of 3 cm (width), 5
cm (length) and 5 cm (thickness); thereby, a one-piece
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molded electrode 11 consisting of a nickel current collector
O and an electrode material 10 was obtained. The electrode
obtained had a thickness of 3 mm (this does not contain the
thickness of the current collector), a length of 5 cm, a width
of 3 cm and a density of 0.87 g/cm”. Therefore, in the
molded electrode, the ratio of electrode material volume to

current collector volume (excluding the terminal portion)
was 00:1.

0096] (4) Production of Battery

0097] A battery shown in FIG. § was produced as fol-
lows, using, as the positive electrode, the one-piece molded
clectrode 11 consisting of a nickel current collector 9 and an
electrode material 10, produced in the above (3) and, as the
negative electrode, a lithium metal foil 6 of 200 um (thick-
ness), 3 cm (width) and 5 cm (length).

[0098] First, as a film for use as a casing member 8 to be
formed later, there was prepared a laminated film of 100 um
in thickness, having a three-layered structure consisting of a
polyethylene layer, an aluminum layer and a polypropylene
layer. The laminated film was processed into a rectangular
shape of 6 cm (length) and 4 cm (width). Two such rectan-
oular materials were allowed to face each other at the
polypropylene layers and heat sealed to each other at their
three sides (6 cm, 4 cm, 6 cm) (the three sides were
fusion-bonded in a width of 5 mm), to form a bag.

[0099] In this bag were placed the above-mentioned posi-
tive electrode and the negative electrode so as to face each
other via a polypropylene-made porous separator 7 of 25 um
in thickness. In this case, part of the nickel current collector
9, having no electrode material thereon and part of the
lithium metal foi1l 6 were allowed to project from the bag as
a positive electrode terminal and a negative electrode ter-
minal, respectively.

[0100] The resulting material was placed in a vacuum
chamber and kept 1n a vacuum of 10 mmHg for 10 minutes;
then, a mixed solvent of propylene carbonate and
dimethoxyethane containing 1 M of lithtum hexafluorophos-
phate (LiPF.) as a supporting salt was injected into the
material; the opening of the bag was thermally sealed under
vacuum to form a casing member 8; thus, a bag was
completed. In this Figure, the electrolytic solution 1s not
shown.

[0101] Properties of Battery of Example 1

10102] The above-produced battery was measured for
properties. The battery element produced was charged to 3.6
V at a constant current of 10 mA per cm” of electrode and
then discharged to 2.8 V at a constant current of 10 mA or
100 mA per cm” of electrode. The discharge characteristic
(voltage vs. capacity curve) is shown in FIG. 6.

[0103] In order to calculate a energy density per volume,
the battery was measured for cell volume, which was 6.3
cm”.

10104] Incidentally, in the electrode reaction of the present
Example, doping of PF.”, anion into positive electrode
material (polyaniline) from electrolytic solution and depo-
sition of lithium metal on negative electrode (metal lithium)
from electrolytic solution take place during charge; during
discharge, dedoping of PF .~ anion into electrolytic solution

from positive electrode material (polyaniline) and dissolu-
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fion of lithrum 1on 1nto electrolytic solution from negative
electrode (metal lithium) take place.

0105] (1) Calculation of Energy Density

0106] The energy density of a battery generally differs
depending upon the level of the discharge current of the
battery. Therefore, when the energy densities of various
batteries are compared, it 1S necessary to compare their
capacities 1n discharge at a given current. Herein, capacity
was measured at a discharge current of 10 mA/cm” or 100
mA/cm?, and energy density was calculated.

[0107] The capacity obtained was 182.5 mAh during
discharge at 10 mA/cm” and 64 mAh during discharge at 100
mA/cm”. These values were divided by the volume of the
battery (cell) to determine a capacity per unit battery vol-
ume, which was 29.0 mAh/cm® during discharge at 10

mA/cm and 10.2 mAh/cm® during discharge at 100
mA/cm®.

|0108] Next, in order to calculate energy density, the
average voltage during discharge at 10 mA/cm* or 100
mA/cm was read from FIG. 6, which was 3.5 Vor 3.1 V.
Then, the product of this average voltage and the capacity
per unit battery volume was calculated to use as energy
density. As a result, the energy density of the battery of
Example 1 was 101.5 mwh/cm® during discharge at 10
mA/cm and 31.6 mWh/cm® during discharge at 100
mA/cm®. Thus, the energy density of a battery generally
differs depending upon the level of the discharge current of
the battery, and a smaller discharge current gives a larger
energy density. Energy density need be mentioned together
with the discharge current employed; 1n the present mven-
tion, therefore, “energy density” refers to an energy density
during discharge at 10 mA/cm®, unless otherwise specified.

[0109] As above, the energy density of the battery of
Example 1 1s 101.5 mWh/cm® and, as compared with 32.5
mwh/cm which 1s the energy density of the battery of
Comparative Example 1 described later, 1s more than 3
times. This 1s because the positive electrode used 1n the
present Example, as compared with that of Comparative
Example 1, 1s thick and dense and a large amount of an
active material 1s filled in the present battery cell.

0110] (2) Internal Impedance

0111] The power density of a battery is an important
property of the battery, similarly to the energy density. The
power density 1s affected mainly by the internal impedance
of the battery, and a smaller internal impedance gives a
battery of higher power density. Therefore, the internal
impedance can be used as an indicator for power density. In
FIG. 6, the initial voltage drop (AV) is owing to the internal
impedance (Z) of the battery produced and is represented as
follows.

AV=Ix/

[0112] Using the above formula, the internal impedance
(Z) of the present battery was calculated. That is, in FIG. 6,
AV is 0.4 V when the discharge current is 100 mA/cm? and,
therefore, Z becomes 4.0 €2. The mnternal impedance can also
be calculated from the initial voltage drop when the dis-
charge current is 10 mA/cm®; in the present invention,
however, the value calculated from the initial voltage drop
when the discharge current was 100 mA/cm?®, was taken as
internal 1mpedance.
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[0113] As above, the internal impedance of the battery of
the present Example 1s 4.0 €2, and 1s smaller than 5.0 €2 of
Comparative Example 1 despite that the electrode thickness
of the battery of the present Example 1s 6 times that of
Comparative Example 1.

0114] (3) Ratio of Energy Density

0115] A change in energy density when discharge current
1s changed, can be used as another indicator for power
density. In the present invention, a ratio of energy density
during discharge at 100 mA/cm* and energy density during
discharge at 10 mA/cm” was calculated. It was previously
described that energy density differs depending upon the
level of discharge current. A smaller decrease in energy
density when discharge current 1s increased, gives a battery
of higher power density. That 1s, a battery of larger ratio of
energy density can be regarded as a battery of higher power
density.

Ratio of energy density=(energy density during dis-
charge at 100 mA/cm”)/(energy density during dis-
charge at 10 mA/cm?)

[0116] In Example 1, the ratio of energy density is 0.31
and 1s larger than 0.29 of Comparative Example 1. Thus, the
power density (internal impedance and ratio of energy
density) of Example 1 is superior to that of Comparative
Example 1 despite that the electrode thickness of Example
1 1s 6 times that of Comparative Example 1. It 1s because, in
Example 1, one-piece molding of positive electrode material
and current collector by hot pressing gives an increased
contact area between positive electrode material and current
collector (nickel foil) and a decreased contact resistance
between positive electrode material and current collector.

Example 2

[0117] In Example 2, hot pressing for one-piece molding
of current collector and electrode material was conducted 3
fimes to produce a molded electrode having 3 current
collector sheets 1n the thickness direction. A battery was
constituted by using the molded electrode as a positive
electrode.

[0118] First, a one-piece molded positive electrode con-
sisting of an electrode material and a current collector was
formed using the same electrode material and same manner
as 1n Example 1. With this one-piece electrode being left 1n
the die used, the same nickel current collector as used in
Example 1 was placed 1n the die. Then, the same positive
clectrode mixture as used in Example 1 was filled uniformly,
and hot pressing was conducted under the same conditions
as in Example 1. This operation was conducted once more
to obtain a one-piece molded electrode containing three
current collectors. Then, the terminal portions of the nickel
current collectors were welded to form one terminal for
positive electrode.

[0119] The thus-obtained molded electrode had a thick-
ness of 9 mm (excluding the thicknesses of the three current
collectors), a length of 5 cm, a width of 3 cm and a density
of 0.87 g/cm”. In the molded electrode, the ratio of electrode
material volume and current collector volume was 60:1
(same as in Example 1).

[0120] A battery was produced by using the above positive
electrode and the same negative electrode (lithium metal
foil), etc. as in Example 1. The battery had a volume of 15.3
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cm”. The properties of the battery were measured in the
same manner as in Example 1. The results were as follows.

[0121] (1) Capacity
[0122] During discharge at 10 mA/cm”: 574 mAh
[0123] During discharge at 100 mA/cm*: 372 mAh
[0124] (2) Capacity per battery volume

[0125] During discharge at 10 mA/cm*: 37.5 mAh/
3
cm

[0126] During discharge at 100 mA/cm*: 24.3 mAh/
3
cm

[0127] (3) Energy density

[0128] During discharge at 10 mA/cm™: 116.2 mwh/
3
cm

[0129] During discharge at 100 mA/cm”: 75.2 mwh/
3
cm

[0130] (4) Internal impedance
[0131] 2.0 @

[0132] (5) Ratio of energy density
[0133] 0.64

10134] In Example 2, the positive electrode has a thickness
of 9 mm, which 1s 3 times that of Example 1 and even 18
times that of Comparative Example 1 and, as compared with
Comparative Example 2, has a high density and a large
thickness. Therefore, the amount of positive electrode active
material 1n battery 1s large and consequently the battery has
a very high energy density. Further, the battery has a small
internal impedance and a high power density for the same
reason as mentioned for the battery of Example 1.

[0135] Also in Example 2, by using a plurality of current
collectors 1n the electrode, the distance between current
collector and electrode active material can be kept at a
certain level although the electrode thickness 1s large. That
1s, 1n a molded electrode using a single current collector as
in Example 1, an increase 1n electrode thickness may result
in an increased average distance between current collector
and electrode active material; as a result, no electrons
suflicient for electrode reaction may be fed from the current
collector owing to the internal resistance of electrode per se,
or no sufficient electrons reach the current collector from the
clectrode. In this Example, however, by using a plurality of
current collectors 1n a one-piece molded electrode, a thick
clectrode can be obtained without increasing the average
distance between current collector and electrode active
material.

[0136] Thus, in the present method, a battery can be
produced 1n a higher freedom of designing.

Example 3

[0137] The operation of Example 3 was the same as in
Example 1 except that the positive electrode material was a
polycyanoindole, the neutral electrolytic solution was an
aqueous solution contamning 1 M of zinc sulfate, and the
negative electrode was metal zinc.

[0138] First, an ethanol solution of 1 M of iron sulfate and
an aqueous solution of 1 M of cyanoindole were mixed with
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stirring at room temperature for 3 hours, to allow a poly-
merization reaction to proceed slowly. The polymerization
product (a polycyanoindole) obtained by filtration and wash-
ing with DMF was ground to 60 mesh or below using an
agate mortar. Since the polycyanoindole had been doped
with sulfate 1on during the polymerization reaction, no
doping was applied to the polycyanoindole.

10139] Using this polycyanoindole powder doped with
sulfate 10n and employing the same manner as 1n Example
1, a powdery electrode mixture was obtained which con-
sisted of the polycyanoindole, a vapor phase-grown carbon
and butyl butylphthalylglycolate.

10140] Hot pressing was conducted using the above posi-
five electrode mixture and employing the same manner as in
Example 1, to obtain a 3 mm-thick one-piece molded
electrode for positive electrode, containing a nickel current
collector. The molded electrode had the same shape as that
of Example 1.

[0141] A battery was produced in the same manner as in
Example 1, using, as the electrolytic solution, an aqueous
solution of 1 M of zinc sulfate and, as the negative electrode,

a metal zinc sheet of 50 yum 1n thickness, 3 cm 1n width and
5 cm in length. The battery had a volume of 6.2 cm”.

[0142] In the battery of Example 3, there take place,
during charge, doping of sulfate ion into positive electrode
active material (polycyanoindole) from electrolytic solution
and precipitation of zinc 1on i1n electrolytic solution, on
negative electrode (metal zinc); during discharge, there take
place dedoping of sulfate 10n into electrolytic solution from
positive electrode active material (polycyanoindole) and
dissolution of zinc 1on into electrolytic solution from nega-
tive electrode (metal zinc).

10143] To measure the properties of the battery, constant-
current charge at 10 mA per cm” df electrode was conducted
up to 1.4V, and constant-current discharge at 10 mA per cm”
of electrode or 100 mA per cm” of electrode was conducted
down to 0 V. The battery properties obtained were as
follows.

[0144] (1) Capacity
[0145] During discharge at 10 mA/cm”: 202.8 mAh
[0146] During discharge at 100 mA/cm”: 174 mAh
[0147] (2) Capacity per battery volume

[0148] During discharge at 10 mA/cm”: 32.7 mAh/
3
cm

[0149] During discharge at 100 mA/cm”: 28.1 mAh/
3
cm

[0150] (3) Energy density

[0151] During discharge at 10 mA/cm*: 42.5 mWh/
3
cm

[0152] During discharge at 100 mA/cm?: 33.7 mwh/
3

cm
[0153] (4) Internal impedance
[0154] 0.5 Q

[0155] (5) Ratio of energy density
[0156] 0.79
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[0157] In the battery of Example 3, as compared with the
same type battery of Comparative Example 3 described
later, the positive electrode has a 6-fold thickness and a high
density; therefore, the battery has a high energy density.
Further, the battery has a small internal impedance and a
high power density for the same reason as mentioned for the
battery of Example 1.

[0158] An aqueous electrolytic solution, as compared with
an organic electrolytic solution, shows a large conductivity
and gives a quick 1on transport. Therefore, the battery of the
present Example using a neutral aqueous electrolytic solu-
fion 1s superior in power density as compared with the
batteries of Examples 1 and 2 and Comparative Examples 1

and 2.

Example 4

[0159] In this Example, a molded positive electrode hav-
ing three current collector sheets in the thickness direction
was prepared by using the same current collector and
clectrode material as in Example 3 and repeating hot press-

ing for one-piece molding three times in the same manner as
in Example 2. The molded electrode had the same shape as
in Example 2.

[0160] Using the above positive electrode and the same

negative electrode and electrolytic solution as in Example 3,

a battery was produced. The battery had a volume of 14.9
3

cm”.

[0161] The battery was evaluated in the same manner as in
Example 3. The results were as follows.

[0162] (1) Capacity
[0163] During discharge at 10 mA/cm”: 670 mAh
[0164] During discharge at 100 mA/cm*: 621 mAh
[0165] (2) Capacity per battery volume

[0166] During discharge at 10 mA/cm*: 44.9 mAh/
3
cm

[0167] During discharge at 100 mA/cm*: 41.6 mAh/
3
cm

[0168] (3) Energy density

[0169] During discharge at 10 mA/cm”: 58.4 mwh/
3
cm

[0170] During discharge at 100 mA/cm>: 50.0 mWh/
3
cm

[0171] (4) Internal impedance

[0172] 0.3 Q
[0173] (5) Ratio of energy density
[0174] 0.86

[0175] As compared with Comparative Example 4
described later, the molded positive electrode of Example 4
has an electrode of 6-fold thickness and the battery has a
very large energy density. Further, the battery of Example 4
using a neutral electrolytic solution, similarly to the battery
of Example 3, 1s superior in power density as compared with
those of Examples 1 and 2 and Comparative Examples 1 and

2.
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Example 5

[0176] In the battery of this Example, a molded electrode
of the present invention was used as the positive electrode,
and an electrode obtained by making a polymer active

material into a film by a conventional method was used as
the negative electrode.

[0177] That is, there was used, as the positive electrode, a
one-piece molded electrode using a polycyanoindole as the
electrode active material, obtained 1n the same manner as 1n
Example 3 except that a tantalum foil of 50 #m 1n thickness
was used as the current collector.

[0178] Meanwhile, a polyphenylquinoxaline electrode to
be used as the negative electrode was produced as follows.
65% by weight of a polyphenylquinoxaline and 35% by
welght of a vapor phase-grown carbon were sufliciently
kneaded together with an appropriate amount of a solvent
(N-methyl-2-pyrrolidone) to obtain a paste. This paste was
coated on a conductive rubber (100 gm in thickness, 3 cm in
width and 6 cm in length) by a doctor blade method, to form
a film of 3 cm 1n width and 5 cm 1n length. The film was
dried at 125° C. for 30 minutes. The resulting electrode had
a thickness of 1 mm and a density of 0.4 g/cm’; however, it
ogenerated cracking on the electrode material during drying
and showed chipping from the conductive rubber (current
collector). Hence, a film of 500 um 1n thickness was formed,
whereby a negative electrode free from cracking or chipping
from conductive rubber could be obtained. Therefore, this

was used as a negative electrode. The electrode had a density
of 0.42 g/cm”.

10179] Using the above positive electrode and negative
electrode and an electrolytic solution (an aqueous solution of
2 M of sulfuric acid), a battery was produced in the same

manner as 1n Example 1. The battery had a volume of 7.2

cm-.

[0180] In the electrode reaction of this battery, there take
place, during charge, doping of proton mnto polycyanoindole
(positive electrode active material) from electrolytic solu-
fion and release of proton into electrolytic solution from
negative electrode polyphenylquinoxaline and, during dis-
charge, dedoping of proton into electrolytic solution from
polycyanoindole (positive electrode active material) and
proton adsorption by negative electrode polyphenylquinoxa-
line from electrolytic solution.

[0181] To measure the properties of the battery, constant-
current charge at 10 mA per cm” of electrode was conducted
up to 1.3V, and constant-current discharge at 10 mA per cm”
of electrode or 100 mA per cm” of electrode was conducted
down to OV. The battery properties obtained were as follows.

[0182] (1) Capacity
[0183] During discharge at 10 mA/cm”: 98 mAh
[0184] During discharge at 100 mA/cm”: 84 mAh
[0185] (2) Capacity per battery volume

[0186] During discharge at 10 mA/cm”: 13.6 mAh/
3
cm

[0187] During discharge at 100 mA/cm*: 11.7 mAh/
3
cm
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[0188] (3) Energy density

[0189] During discharge at 10 mA/cm”: 16.3 mwh/
3
cm

[0190] During discharge at 100 mA/cm*: 13.5 mWh/
3

cm
[0191] (4) Internal impedance
[0192] 0.1 Q

10193] In Example 5, the positive electrode has a high
density as compared with Comparative Example of the same
type battery, but the negative electrode 1s produced by a
conventional technique; therefore, the battery has about the
same capacity as Comparative Example 5. In general, bat-
tery capacity 1s restricted by either of positive electrode
capacity and negative electrode capacity. In Example 5, the
positive electrode has a suflicient capacity but the negative
clectrode has no capacity matching that of the positive
clectrode; therefore, the battery shows no sufficient capacity
as a whole.

10194] Meanwhile, with respect to the power density, the
battery of Example 5 has a small internal impedance and can
discharge a large current because the positive electrode has
a one-piece molded structure obtained by hot pressing of
clectrode material and current collector.

[0195] Further, in the battery of Example 5, since it uses
an acidic aqueous electrolytic solution, the two electrodes
cach give rise to an electrode reaction based on the oxida-
tion-reduction reaction of proton and thereby charge-dis-
charge takes place. Since the transport of proton 1n acidic
aqueous solution 1s fast as compared the transport of other
ions, the battery of Example 5 1s superior 1in power density
even to those of Examples 3 and 4 and Comparative
Examples 3 and 4.

Example 6

[0196] In Example 6, molded electrodes were used for
both the positive electrode and the negative electrode. The
same molded electrode as used in Example 5 (current
collector=tantalum foil of 50 um, electrode active material=
polycyanoindole) was used for the positive electrode, and
the molded electrode for negative electrode was produced as
follows. Other respects (e.g. electrolytic solution) were the
same as 1n Example 5.

[0197] There were mixed a polyphenylquinoxaline pow-
der (75% by weight), a vapor phase-grown carbon (15% by
welght) as a conductivity-enhancing agent and butyl
butylphthalylglycolate (10% by weight) as a plasticizer. To
the mixture was added an appropriate amount of N-methyl-
2-pyrrolidone as a solvent, and the resulting mixture was
kneaded sufficiently and then dried at 150° C. for 30 minutes
to evaporate the solvent. The resulting material was placed
in an agate mortar and ground to obtain a powdery electrode
mixture consisting of a polyphenylquinoxaline powder, a
vapor phase-grown carbon and butyl butylphthalylglycolate.

[0198] 3.7 g of this negative electrode mixture was uni-
formly filled in a die in which a tantalum foil as current
collector had been placed. Hot pressing was conducted
under the conditions of 200° C., 150 kef/cm” and 30 minutes
to obtain a one-piece molded negative electrode containing
a current collector. The electrode had a thickness of 3 mm

and a density of 0.84 g/cm”.
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10199] Using the above positive electrode and negative
clectrode and the same electrolytic solution as in Example 5,
a battery was produced in the same manner as in Example
5. The battery had a volume of 0.8 c¢cm”. The electrode
reactions of the battery of Example 6 are the same as in
Example 5.

[0200] The battery was evaluated for properties in the
same manner as in Example 5. The results were as follows.

[0201] (1) Capacity
[0202] During discharge at 10 mA/cm*: 601 mAh
[0203] During discharge at 100 mA/cm”: 594 mAh
[0204] (2) Capacity per battery volume

[0205] During discharge at 10 mA/cm”: 55.6 mAh/
3
cm

[0206] During discharge at 100 mA/cm”: 55.0 mAh/
3
cm

[0207] (3) Energy density

[0208] During discharge at 10 mA/cm*: 66.7 mWh/
3
cm

[0209] During discharge at 100 mA/cm®: 63.3 mWh/
3
cm

[0210] (4) Internal impedance
[0211] 0.1 @

[0212] (5) Ratio of energy density
[0213] 0.94

[0214] The battery of Example 6 uses molded electrodes
for both the positive electrode and the negative electrode.
Theretfore, as compared with Example 5, the negative elec-
trode has a large density and a large thickness; consequently,
the battery has a large energy density.

[0215] Further, the battery of Example 6 uses an acidic
aqueous electrolytic solution and therefore shows an excel-
lent power density for the same reason as mentioned for
Example 5.

Example 7

10216] In Example 7, a battery was produced in the same
manner as 1n Example 6 except that a molded electrode
having unevenness at the surface was used for the negative
clectrode. The negative electrode was molded as follows.

10217] In the same procedure as in Example 1, a tantalum
current collector was placed 1n a die, part of the current
collector was masked by a stainless steel block, and 3.7 g of
an clectrode mixture powder was uniformly {filled on the
current collector 1n the die. Using a rectangular pressing die
having, on the pressing surface, unevenness (grooves of 0.5
mm in width and 0.5 mm in depth) at intervals of 0.5 mm,
hot pressing was conducted under the conditions of 200° C.
(temperature), 100 kegf/cm” (pressure) and 30 minutes (time)
to obtain a one-piece molded electrode consisting of a
current collector and an electrode material.

[0218] The molded electrode had a thickness of 3 mm, a
length of 5 ¢cm, a width of 3 cm and a density of 0.87 g/cm”.
On the surface, it uniformly had grooves of 0.5 mm in width
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and 0.5 mm 1n depth at intervals of 0.5 mm, correspondingly
to the surface shape of the pressing die.

[0219] A battery was produced in the same manner as in
Example 6. The battery had a volume of 10.6 cm”.

[0220] The properties of the battery were as follows.
[0221] (1) Capacity
[0222] During discharge at 10 mA/cm*: 631 mAh
[0223] During discharge at 100 mA/cm*: 634 mAh
[0224] (2) Capacity per battery volume

[0225] During discharge at 10 mA/cm*: 59.5 mAh/
3
cm

[0226] During discharge at 100 mA/cm*: 59.8 mAh/
3
cm

[0227] (3) Energy density

[0228] During discharge at 10 mA/cm”: 71.4 mWh/
3
cm

[0229] During discharge at 100 mA/cm*: 71.6 mWh/
3
cm

[0230] (4) Internal impedance
[0231] 0.03 &
[0232] (5) Ratio of energy density

[0233] 1.0

10234] In Example 7, since the electrode surface has
unevenness, the contact area between electrode and electro-
lytic solution 1s large as compared with Example 6 and the
lon transport between electrolytic solution and electrode
active material 1s smooth. As a result, the 1on resistance
between electrolytic solution and electrode active material 1s
small and the battery, as compared with that of Example 6,
has a small internal impedance and a large power density.

Comparative Example 1

[0235] The battery of Comparative Example 1 had the
same structure as that of Example 1 except that the positive
electrode was not a molded electrode but a conventional
clectrode produced by a doctor blade method. The positive
clectrode was produced as follows.

[0236] A polyaniline powder (80% by weight) produced in
the same manner as 1n Example 1 was mixed with a vapor
phase-grown carbon (10% by weight) as a conductivity-
enhancing agent and a polyvinylidene fluoride (10% by
weilght) as a binder. To the mixture was added an appropriate
amount of N-methyl-2-pyrrolidone as a solvent. The result-
ing mixture was kneaded sufliciently to obtain a paste. The
paste was coated on a nickel current collector by a doctor
blade method in a film form, followed by drying at 120° C.
for 15 minutes. In this case, the distance of the doctor blade
was varied and the thickness of the positive electrode after
drying was varied at intervals of 200 um (the smallest
thickness was 100 gm).

[0237] An increase in electrode thickness caused cracking
of electrode during drying and chipping of electrode from
current collector. This 1s disadvantageous for battery elec-
trode. Meanwhile, a small electrode thickness gives an
insuflicient battery capacity. Hence, production of electrode
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was repeated so as to obtain an electrode having no cracking,
on the current collector and yet having the largest electrode
thickness. As a result, it was found out that an electrode
thickness of 700 um or more causes cracking at the electrode
surface, which 1s unsuitable for battery electrode. Thus, 1t
was found out that the maximum electrode thickness sately
obtainable by a conventional doctor blade method 1s 500 um.

[0238] Therefore, the electrode material thickness of elec-
trode formed by a doctor blade method was set at 500 4m 1n
all cases.

10239] Using the above positive electrode, a battery was
produced 1n the same manner as in Example 1. The battery
had a volume of 2.25 cm”. The properties of the battery were

measured 1n the same manner as in Example 1. The results
were as follows.

[0240] (1) Capacity
[0241] During discharge at 10 mA/cm”: 21.0 mAh
[0242] During discharge at 100 mA/cm*: 7.0 mAh
[0243] (2) Capacity per battery volume

[0244] During discharge at 10 mA/cm™: 9.3 mAbh/
3
cm

[0245] During discharge at 100 mA/cm™: 3.2 mAh/
3
cm

[0246] (3) Energy density

[0247] During discharge at 10 mA/cm”: 32.5 mWh/
3
cm

[0248] During discharge at 100 mA/cm*: 9.6 mWh/
3
cm

[0249] (4) Internal impedance
[0250] 5.0 Q

Comparative Example 2

[0251] The positive electrode of Comparative Example 2
had the same structure as that of Example 2 except that a
polyaniline was used as the positive electrode active mate-
rial and three current collector sheets were 1nserted into the
electrode by a conventional method (no hot pressing was
used). The positive electrode was produced as follows.

[0252] A positive electrode was formed on a nickel current
collector 1n the same manner as in Comparative Example 1;
a nickel current collector was placed thereon; thereby, an
clectrode was produced. In this method, the first electrode
and the second electrode were not made 1nto one piece and
two electrodes of the same structure as 1n Comparative
Example 1 were obtained. Three electrodes of the same
structure as in Comparative Example 1 were laminated; each
part of the three nickel current collectors not covered by the
clectrode was welded to each other to use as a terminal; thus,
a positive electrode was produced.

[0253] 'Then, a battery was produced in the same manner
as in Example 2. The battery had a volume of 2.95 cm”. The
properties of the battery were measured. The results were as
follows.
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[0254] (1) Capacity
[0255] During discharge at 10 mA/cm”: 69.0 mAh
[0256] During discharge at 100 mA/cm?*: 21.1 mAh

[0257] (2) Capacity per battery volume

[0258] During discharge at 10 mA/cm*: 23.8 mAh/
3
cm

[0259] During discharge at 100 mA/cm*: 7.2 mAh/
3
cm

[0260] (3) Energy density

[0261] During discharge at 10 mA/cm”: 83.3 mwh/
3
cm

[0262] During discharge at 100 mA/cm>: 21.1 mwh/
3
cm

[0263] (4) Internal impedance
[0264] 7.0 Q

Comparative Example 3

[0265] A battery was produced in the same manner as in
Example 3 except that a polycyanoindole was used as the
positive electrode active material and the positive electrode
was produced by a conventional doctor blade method (no
hot pressing was used). The battery had a volume of 2.2 cm”.
The properties of the battery were as follows.

[0266] (1) Capacity
[0267] During discharge at 10 mA/cm*: 43.1 mAh
[0268] During discharge at 100 mA/cm*: 29.0 mAh
[0269] (2) Capacity per battery volume

[0270] During discharge at 10 mA/cm”: 19.5 mAh/
3
cm

[0271] During discharge at 100 mA/cm”: 13.2 mAh/
3
cm

[0272] (3) Energy density

[0273] During discharge at 10 mA/cm”: 25.4 mWh/
3
cm

[0274] During discharge at 100 mA/cm”: 14.5 mwh/
3

cm
[0275] (4) Internal impedance
[0276] 2.0 Q

Comparative Example 4

[0277] A battery was produced in the same manner as in
Example 4 except that the positive electrode was produced
by using a polycyanoindole as the electrode material and
inserting three current collectors into the electrode by a
conventional doctor blade method (no hot pressing was
used). The battery had a volume of 3.08 cm”. The properties
of the battery were as follows.

[0278] (1) Capacity
[0279] During discharge at 10 mA/cm*: 102 mAh
[0280] During discharge at 100 mA/cm*: 71.2 mAh
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[0281] (2) Capacity per battery volume

[0282] During discharge at 10 mA/cm”: 33.1 mAbh/
3
cm

[0283] During discharge at 100 mA/cm”: 23.1 mAh/
3
cm

[0284] (3) Energy density
[0285] During discharge at 10 mA/cm™: 43.6 mWh/
3

cm
[0286] During discharge at 100 mA/cm*: 25.4 mWh/
cm”
0287] (4) Internal impedance
[ p
[0288] 3.0 Q

Comparative Example 5

[0289] A battery was produced in the same manner as in
Example 5 except that even the positive electrode was
produced by a conventional doctor method. That 1s, in
Comparative Example 5, a battery was produced 1n which a
polycyanoindole was used as the positive electrode active
material and a polyphenylquinoxaline was used as the
negative electrode active material, both the positive elec-
trode and the negative electrode were produced by a doctor
blade method, and an acidic aqueous solution was used as
the electrolytic solution. The battery had a volume of 2.1
cm”. The properties of the battery were as follows.

[0290] (1) Capacity
[0291] During discharge at 10 mA/cm”: 21.4 mAh
[0292] During discharge at 100 mA/cm”: 17.9 mAh
[0293] (2) Capacity per battery volume

[0294] During discharge at 10 mA/cm”: 10.2 MAh/
3
cm

[02955'] During discharge at 100 mA/cm*: 8.6 mAh/
cm

[0296] (3) Energy density
[0297] During discharge at 10 mA/cm™: 12.0 mWh/
3

cm
[0298] During discharge at 100 mA/cm™: 9.5 mwh/
cm”
0299 (4) Internal 1mpedance
[ p
[0300] 0.7 Q

[0301] The key properties of the batteries produced in the

above Examples and Comparative Examples are shown 1n
Table 1.

TABLE 1
Energy Ratio of
density energy [mpedance
(mWh/cm®) density (Q)

Example 1 101.5 0.31 4.0
Comparative 32.5 0.29 5.0
Example 1
Example 2 116.2 0.64 2.0
Comparative 83.3 0.25 7.0
Example 2
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TABLE 1-continued

Energy Ratio of
density energy [mpedance
(mWh/cm?) density (Q)

Example 3 42.5 0.79 0.5
Comparative 25.4 0.57 2.0
Example 3
Example 4 58.4 0.86 0.3
Comparative 43.6 0.58 3.0
Example 4
Example 5 16.3 0.82 0.1
Comparative 12.0 0.79 0.7
Example 5
Example 6 66.7 0.94 0.1
Example 7 71.4 1.0 0.03

[0302] As described, the present invention provides a
secondary battery using a polymer active material, which
has a large energy density and a high power density and
which has a high freedom 1n designing. The present 1nven-
fion further provides a method for producing a secondary
battery of large energy density and high power density, using
a polymer active material in a high freedom of designing.

1-10. (Canceled)

11. A method for producing a molded electrode, which
COMPIISES:

hot pressing (a) an electrode material which is a mixture
of a polymer active material, a conductivity-enhancing
agent and a plasticizer and (b) at least one current
collector sheet.
12. A method for producing a molded electrode, which
COmMprises:

(1) hot pressing (a) an electrode material which is a
mixture of a polymer active material, a conductivity-
enhancing agent and a plasticizer and (b) at least one
current collector sheet to form a molded material; and

(i1) conducting one or more times:

(i1-1) hot pressing the molded material, the electrode
material and a current collector sheet, or/and

(i1-2) laminating and hot pressing a plurality of molded
materials each produced as above,

whereby forming a one-piece molded electrode compris-
ing the electrode material and a plurality of current
collector sheets spaced from each other 1n a thickness
direction of the molded electrode.

13. A method according to claim 11, wherein an amount
of the plasticizer 1s 2 to 15% by weight of a total of the
clectrode material.

14. A method according to claim 12, wherein an amount
of the plasticizer 1s 2 to 15% by weight of a total of the
clectrode material.

15. A method according to claim 11, wherein, 1n the hot
pressing, a die having an unevenness at a surface thereof 1s
used to form an unevenness at a surface of the molded
electrode.

16. A method according to claim 12, wherein, in the hot
pressing, a die having an unevenness at a surface thereof 1s
used to form an unevenness at a surface of the molded
electrode.

17-19. (Canceled)
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