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(57) L 1nvention concerne une pile comportant au moins
une anode (14), au moins une cathode (15), et au moins
un c¢lectrolyte (16) place entre 1’anode et la cathode.
Chaque anode (14) est dotée d’un collecteur (11) de
courant d’anode et d’un matériau composite d’anode
(14) comportant un premier polyimide thermoplastique
amorphe soluble, une charge conductrice d’¢€lectronique,
et une matiere intercalaire. Chaque cathode (15) est
dotee d’un collecteur (12) de courant de cathode et d un
mateériau (22) composite de cathode comportant un
deuxicme polyimide thermoplastique amorphe soluble,
une charge conductrice d’¢lectronique, et un oxyde
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(57) A battery having at least one anode (14), at least one
cathode (15), and at least one electrolyte (16) disposed
between the anode and the cathode 1s presented. Each
anode (14) comprises an anode current collector (11) and
an anode composite material (21) which includes a first,
soluble, amorphous thermoplastic polyimide, an
electronic conductive filler, and an 1ntercalation
material. Each cathode (15) comprises a cathode current
collector (12) and a cathode composite material (22)
which 1ncludes a second soluble, amorphous,
thermoplastic polyimide, an electronic conductive filler,
and a metal oxide. Lastly, each -electrolyte (16)
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metallique. Enfin, chaque ¢€lectrolyte (16) comporte un
troisieme polyimide thermoplastique amorphe soluble et
un sel de lithium. Le procede de préparation de la pile
comporte les €tapes consistant a préparer une suspension
d’anode, une suspension de cathode et une solution
d’¢lectrolyte; couler un film de solution d’¢lectrolyte
pour former une couche d’¢€lectrolyte; appliquer une
couche de suspension d’anode et de suspension de
cathode sur les collecteurs de courant respectifs pour
former une anode et une cathode; sécher la couche
d’¢lectrolyte, 1’anode et la cathode; et assembler la
couche d’¢lectrolyte, I’anode et la cathode pour former
une pile.
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comprises a third soluble amorphous, thermoplastic
polyimide and a lithium salt. The process for preparing
the battery comprises the steps of preparing an anode
slurry, a cathode slurry, and an electrolyte solution;
casting a film of the electrolyte solution to form an
electrolyte layer; coating each of the anode slurry and the
cathode slurry on respective current collectors to form an
anode and a cathode; drying the electrolyte layer, the
anode and the cathode; and assembling the electrolyte
layer, anode, and cathode to form a battery.
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(57) Abstract

A battery having at least one anode (14), at least one cathode (15), and at least one electrolyte (16) disposed between the anode and the
cathode is presented. Each anode (14) comprises an anode current collector (1 1) and an anode composite material (21) which includes a first,
soluble, amorphous thermoplastic polyimide, an electronic conductive filler, and an intercalation material. Each cathode (15) comprises a
cathode current collector (12) and a cathode composite material (22) which includes a second soluble, amorphous, thermoplastic polyimide,
an electronic conductive filler, and a metal oxide. Lastly, each electrolyte (16) comprises a third soluble amorphous, thermopilastic polyimide
and a lithium salt. The process for preparing the battery comprises the steps of preparing an anode slurry, a cathode slurry, and an electrolyte
solution; casting a film of the electrolyte solution to form an electrolyte layer; coating each of the anode slurry and the cathode slurry on
respective current collectors to form an anode and a cathode; drying the electrolyte layer, the anode and the cathode; and assembling the

electrolyte layer, anode, and cathode to form a battery.

«(Referred to in PCT Gazette No. 46/1998, Section IT)  **(Referred to in PCT Gazette No. 02/1999, Section 1i)
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POLYIMIDE BATTERY

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims the benefit of U.S. Provisional Application No. 60/086.237.
filed February 12, 1997, hereby incorporated by reference in its entirety, and the benefit of
U.S. Application number 09/021.027 which subsequently issued as U.S. Patent Number
5,888.672.

TECHNICAL FIELD

The present invention relates to lithium ion batteries. In particular, it relates to lithium

:on batteries made with soluble, amorphous. thermoplastic polyimides.

BACKGROUND ART

Lithium battery technology is a relatively new field and the subject of intensive
rosearch. The main battery characteristics sought to be improved by new research are size.
Weight, energy density. capacity. lower self discharge rates. cost and environmental safety.
The goal is to simplity the fabrication techniques and improve interlayer adhesion to produce a
dry cell battery that is small and licht weight. has a long useful life, has greater energy density,
and contains little or no toxic compounds that may enter the environment upon disposal.
These batteries are useful for many applications such as power supplies for cellular phones.
smart cards. calculators. portable computers. and electrical appliances.

Schmutz et al. (U.S. 5,470.357) address a problem with adhesion between the electrode
and collector elements. Their solution is to pretreat the collector elements in which a 0.25% to
3.0% solution of a polvmeric material compatible with the matrix polvmer is applied to the
collector foil or grid and dried to form a coated film. The resulting coated collector element is
heated to make the polvmer tacky. The pretreated coated collector element s turther
processed by applying the appropriate electrode composition to it to form an anode or a
cathode. These electrode and éeparator elements are formulated as layers of plasticized
polymeric matrix compositions that are laminated with the electrically conductive collector
slements to form a unitary battery cell structure.

Gozdz et al. (U.S. 3.387.253) disclose a lithium ion battery with an

clectrolvte ‘separator composition comprising a polvvinylidene tluonde copolvimer and a
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plasticizer. The crystalline structure of the polyvinyhidene fluoride copolymer necessitates the

~ introduction of plasticizers to disrupt the crystalline regions of the copolymer matrix

simulating an amorphous region which leads to higher 1onic conductivity. In addition, the
introduction of plasticizers helps to lower the glass transition temperature of the polymer
allowing it to undergo melt flow or softening during the operation of the battery. This helps to
facilitate the mobilization of the ions through the membrane. Eventually, the plasticizer must
be replaced with an electrolyte salt solution which contains another plasticizer combination of
ethylene carbonate and dimethyl carbonate.

The battery is formed by laminating each of the composite anode and cathode
compositions separately onto wire grid current collectors. Gozdz et al. further address the
problem with adhesion by surface cleaning the electrode elements in a common copper bright
solution, rnnsing in water, air drying, dip coating in an acetone solution of the copolymer
solution and drying it to a tacky state. In particular each electrode was prepared by cutting a
film and overlaying it upon the dip coated grid to form an element pair. The element pair was
placed between buffer sheets of abherent polyethylene terephthalate and was then passed
through a laminating station. An electrode/collector pair was laminated with an interposed
electrolyte separator membrane. In order to activate the battery, the laminated battery structure
was extracted of a substantial amount of the plasticizer comprising the polymer matrices of the
laminated layers, particularly the separator/electrolyte. The extracted battery structure was
then activated in preparation for charge/discharge cycle testing by immersion, under a
substantially moisture-free atmosphere. During immersion, the battery imbibed an amount of
a 1M electrolyte solution of LiPF, in 50:50 ethylene carbonate (EC):dimethyl carbonate
(DMC) for about 20 minutes during which the battery imbibed an amount of solution which
substantially replaced the extracted plasticizer with the EC/DMC solution.

Skotheim et al. (U.S. 5,601,947) disclose “gel-type” solid electrolytes that consist of a

carbonate, glymes, low molecular weight polysiloxanes, and mixtures thereof ) which
etfectively acts as a plasticizer for the salt-polymer matrix. Useful gel-type electrolytes
include sulfonated polyimides which have been swollen. The introduction of these plasticizers

affects the dimensional stability of the material in that they have a tendency to leach out of the
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material causing it to return to a brittle and inflexible state. This affects the ionic mobility of
the system and causes the adhesion to fail.

Whang (U.S. 5,407,593) teaches that the main path for ion transportation in a polymer
electrolyte is via the amorphous region of a polymer matrix. Thus, the 1onic conductivity of a
polymeric electrolyte can be increased by diminishing the crystalline region and increasing the
amorphous region of the polymer matrix. The methods frequéntly used to achieve this are: (1)
preparing a new polymer such as copolymer or polymer with network structure; (2) adding
non-soluble additives to improve the electrolytic property; and (3) adding soluble additi'ves to
provide a new path for ionic conductivity. Polymers having high-dielectric constants are good
matrices for preparing polymeric electrolytes. However, because they have high glass
transition temperatures or high degrees of crystallinity they do not result in desirable
polymeric electrolytes. To remedy this, Whang discloses a polymeric electrolyte containing
no volatile components. This assures that no change in conductivity and composition occurs
due to the volatilization of some compounds contained therein. Thus, the conductivity 1s kept
constant. The polymeric electrolytes of his invention include a polar polymer matrix, a
dissociable salt, and a plasticizer of polyether or polyester oligomer with terminal groups

halogenated.

Fujimoto et al. (U.S. 5,468,571) disclose a secondary battery with a negative electrode
comprising a carbon powder, particles constituting the powder being consolidated with a
polyimide binder. The polyimide may be either a thermosetting polyimide or a thermoplastic
polyimide, the former including both condensation type and addition type. A representative
example of condensation type polyimide resins is one obtained by heat curing (dehydration
condensation reaction) a solution of a polyamide acid (a polyimide intermediate) in N-methyl-
2-pyrrolidone. The polyamide acid in turn being obtained by reacting an aromatic diamine
with an aromatic tetracarboxylic acid anhydride. The heat cuning 1s preferably conducted at a
temperature of at least 350 degrees C for at least two hours to complete the dehydration
condensation reaction. They note that if the polyimide intermediate with which the
dehydration condensation reaction has not been completed, remains in the negative electrode
after the heat curing, it may, when the battery temperature becomes abnormally high, condense

to release water which should react vigorously with lithium. Addition type polyimides also

require heat cuning.
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An object of the present invention is to provide a polyimide battery that is based on a
soluble, amorphous, thermoplastic polyimide.
Another object is to provide a polyimide electrolyte that does not require swelling or

introduction of plasticizers.

Another object is to provide a polyimide battery that exhibits excellent interlayer
adhesion. '

Another object is to provide a polyimide battery that is capable of dissolving a large
amount of lithium salt.

Another object is to provide a polyimide battery that is environmentally safe.

Another object is to provide a polyimide battery that exhibits high ionic conductivity
with insubstantial change over a range of temperatures and pressures.

Another object is to provide a process for preparing a polyimide battery.

Another object is to provide a process for preparing a polyimide battery that does not
require pre-treatment of the current collectors.

Another object is to provide a process for preparing a polyimide battery that does not
require curing of the polyimide.

Another object is to provide a process for preparing a polyimide battery that does not
require heating the polyimide above its glass transition temperature.

Another object is to provide a process for preparing a polyimide battery that does not
require high temperature and high pressure to form the battery.

Another object is to provide a flexible polyimide battery.

SUMMARY OF THE INVENTION

By the present invention, a polyimide battery having excellent interlayer adhesion,
flexibility, and exhibits high ionic conductivity (1x10™ ohms™cm™) over a range of
temperatures and pressures 1s presented. The battery comprises at least one anode, at least one
cathode, and at least one electrolyte disposed between the anode and the cathode. Each anode
comprises an anode current collector, a first soluble, amorphous, thermoplastic polyimide, an
electronic conductive filler, and an intercalation material. Each cathode comprises a cathode
current collector, a second soluble, amorphous, thermoplastic polyimide, an electronic
conductive filler, and a metal oxide. Lastly, each electrolyte comprises a third soluble,

amorphous, thermoplastic polyimide and a lithium salt. The first, second and third soluble,
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amorphous thermoplastic polyimides may or may not have the same chemical composition and
may exist in various combinations thereof.

Fabrication of the battery is simple and requires a minimal number of steps. An anode
slurry is prepared from a first, soluble, amorphous, thermoplastic polyimde solution, an
electronic conductive filler, and an intercalation material. A cathode slurry comprising a
second, soluble, amorphous, thermoplastic polyimide solutioﬁ, an electrbnic conductive filler,
and a metal oxide is also prepared. Lastly, an electrolyte solution comprising a third soluble,
amorphous, thermoplastic polyimide solution and a lithium salt is prepared. The electrolyte
solution is cast as a film to form an electrolyte layer. The anode slurry is coated on a first
current collector to form an anode and the cathode slurry 1s coated on a second current
collector to form a cathode. The electrolyte layer, the anode and the cathode are drnied. The
anode is loaded with lithium 1ons by soaking the anode in a hithium salt solution. Lastly, the
anode, the electrolyte layer, and the cathode are assembled to form a battery.

This fabrication technique affords several advantages over prior techniques. One
advantage is that the current collectors do not have to undergo any pretreatment process betfore
the anode and cathode slurries are applied. In addition, the anode and cathode slurries are
applied by coating them on to the current collectors as opposed to laminating them on to the
current collectors. Since the polyimide is a soluble, amorphous, thermoplastic polymmide, 1t
exists as a fully imidized powder before it is mixed into the system. In turn, there 1s no need to
heat the anode, cathode and electrolyte layer to a high temperature to drive a polymerization
reaction. Instead, low temperature heat is applied to remove the solvent and dry out the
polymer. In addition, since imidization has already taken place before the polymer 1s placed
into the system, there are no byproducts of the condensation reaction, such as water, to interact
with the lithium salt. Lastly, the amorphous property of the polyimide affords a natural path
for ionic conductivity. In turn, there is no need to create a path through the addition of
plasticizers or other low molecular weight additives. The resulting battery is flexible, exhibats
excellent interlayer adhesion, and exhibits 1onic conductivity over a range ot temperatures.

Additional objects and advantages of the invention will be set forth 1n part 1n the
description which follows, and in part will be obvious from the description, or may be learned
by practice of the invention. The objects and advantages of the invention will be obtained by

means of instrumentalities in combinations particularly pointed out 1n the appended claims.
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BRIEF DESCRIPTION OF THE DRAWINGS
The accompanying drawings illustrate a complete embodiment of the invention
according to the best modes so far devised for the practical apphication of the principles
thereof, and in which:
Figure 1 1s a perspective view of the polyimide battery of the present invention.
Figure 2 is a cross-sectional view taken along lines II-II of Figure 1.

Figure 3 1s a plot of the conductivity at various temperatures.

DISCLOSURE OF THE INVENTION,
BEST MODE FOR CARRYING OUT THE INVENTION,
AND INDUSTRIAL APPLICABILITY

The polyimide battery of the present invention exhibits excellent interlayer adhesion, is
tlexible, environmentally safe, and exhibits ionic conductivity over a range of temperatures
and pressures. The battery comprises at least one anode, at least one cathode, and at least one
electrolyte disposed between each anode and each cathode. The anode, cathode, and
electrolyte can be applied as very thin layers, or layers less than 1 mil in thickness. Because of
this capability, the anode, cathode and electrolyte can be stacked in multiple layers similar to a
multi-layer circuit board. In turn, the battery may comprise such combinations as: 1) an anode,
an electrolyte, and a cathode; 2) two anodes, two electrolytes, and one cathode; 3) two
cathodes, two electrolytes, and one anode; 4) many anodes, many electrolytes, and many
cathodes; or 5) a bipolar configuration such that one cathode is folded around an anode, which
has been surrounded by the electrolyte. The ultimate configuration is dependent upon the
desired application for the battery. Figure 1 shows the simplest configuration for the battery
10 where there 1s an anode current collector 11 and a cathode current collector 12 protruding
from the main body portion of the battery for connection to the desired circuitry and for
delivery of the voltage and current or recharge of the battery. The main body portion is
encased 1n a cover film 13, which is a single or multi-layer film non-permeable to gases or
liquid. Preferably, the cover film is a very thin, high barrier, laminated foil film of a type
which 1s suitable for the application and is easily processable with regard to formation of the
battery. Many of these cover films are well know in the industry such as KAPAK KSP-150 or
KSP-120 tri-laminate film produced by Kapak, Inc. Alternatively, multi-layer 48 gauge
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PET/LDPE/.000285 foil film produced by Sealright Flexible Packaging Group may also be

~ used.

Referring now to Figure 2, a representational cross-section of the composition of the
battery 10 is presented. Each anode 14 comprises an anode current collector 11, a first soluble,
amorphous, thermoplastic polyimide (not shown), an electronip conductive filler (not shown)
and an intercalation material (not shown). The anode current collector 11 may be prepared
from any material known to those skilled in the art. It is an electrically conductive member
made of a metal, such as aluminum. Preferably, the anode current collector 11 1s a thin
(approximately 0.5 - 1.0 mil) expanded foil having regular aperatures therein, such as found n
a mesh or screen. A portion of the anode current collector 11 extends from the main body of
the battery 10 to provide an external connection means, but the majority of the anode current
collector 11 is situated within the cover 13 and encased in an anode compostte material 21.
The anode composite material 21 is comprised of a first soluble, amorphous, thermoplastic
polyimide, an electronic conductive filler, and an intercalation material. The first soluble,
amorphous, thermoplastic polyimide is any soluble, amorphous, thermoplastic polyimide
known to those skilled in the art. The first soluble, amorphous, thermoplastic polyimide may
have the same chemical composition as or have a different chemical composition as the second
and third soluble, amorphous, thermoplastic polyimides which are used for the cathode and the
electrolyte, respectively. In particular, these polyimides include but are not hmited to:
MATRIMID XU5218 commercially available from Ciba-Geigy; ULTEM 1000P
commercially available from General Electric; and LaRC- CP1, LaRC-CP2 and LaRC-SI all of
which are available from Imitec, Inc., Schenectady, New York. Any electronic conductive
filler known to those skilled in the art may be blended with the first soluble, amorphous,
thermoplastic polyimide and a solvent to form a slurry. Examples of the electronic conductive
filler include but are not limited to: conductive carbon, carbon black, graphite, graphite fiber,
and graphite paper. In addition to the electronic conductive filler, an intercalation matenal
also forms part of the anode. Any intercalation material known to those skilled 1n the art may
be used and in particular, is selected from the group consisting of: carbon, activated carbon,
graphite, petroleum coke, a lithium alloy, nickel powder, and a low voltage lithium
intercalation compound. As an alternative embodiment, the anode may further comprise a
lithium salt. Any lithium salt known to those skilled in the art may be used but in particular
those selected from the group consisting of: LiCl, LiBr, Lil, L1(CI10,), Li(BF,), L1(PF,),
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Li(AsF), Li(CH,CO,), Li(CF,S0,), Li(CF,S0,) N, Li(CF,S0,) ,, Li(CF,CO,), L1(B(CH) ,),
L1(SCN), and Li(NO,). Most preferably, the lithium salt is Li(PF,). Addition of the lithium
salt to the anode results in increased ionic conductivity.

The cathode 15 comprises a cathode current collector 12. As with the anode current
collector, a portion of the cathode current collector 12 extends from the main body of the
battery 10 to provide an external connection means. However; the majority of the cathode
current collector 12 1s situated within the cover 13 and is encased within a cathode composite
material 22. The cathode current collector 12 is any cathode current collector known to those
skilled 1n the art and is preferably a thin (ranging from about 0.25-1.0 mil) expanded metal foil
having aperatures therein. Preferably, the metal is copper. The aperatures are usually of a
regular configuration such as that found in a mesh or screen. The cathode composite material
22 1s comprised of a second soluble, amorphous, thermoplastic polyimide, an electronic
conductive filler, and a metal oxide. The second soluble, amorphous, thermoplastic polyimide
may or may not be of the same chemical composition as the first and third soluble, amorphous,
thermoplastic polyimides which are used in the anode and the electrolyte, respectively. The
second soluble, amorphous, thermoplastic polyimide may be any soluble, amorphous,
thermoplastic polyimide known to those skilled in the art. Specific examples include but are
not limited to: MATRIMID XUS5218 commercially available from Ciba-Geigy; ULTEM
1000P commercially available from General Electric; LaRC-CP1, LaRC-CP2, and LaR(C-S;i all
of which are available from Imitec, Inc., Schenectady, New York. Any electronic conductive
filler known to those skilled in the art may be blended with the second soluble, amorphous, .
thermoplastic polyimide and a solvent to form a slurry. Examples of such electronic
conductive fillers include but are not limited to: conductive carbon, carbon black, graphite,
graphite fiber, and graphite paper. In addition, the cathode comprises a metal oxide. Any
metal oxide known to those skilled in the art may be used but in particular, the metal oxide is
selected from the group consisting of: LiCoO,; LiMnO,; LiNiO,; V,0,,; V,O,; and LiMn,0O,.
As an alternative embodiment, the cathode may further comprise a lithium salt. Any lithium
salt known to those skilled in the art may be used but in particular those selected from the
group consisting of: LiCl, LiBr, Lil, Li(ClO,), Li(BF,), Li(PF ), Li(AsF,), L1(CH,CO,),
Li(CF,S0,), Li(CF,S0,) ,N, Li(CF,S0,) ,, Li(CF,CO,), Li(B(CH.) ,), Li(SCN), and L1(NQO,).
Most preferably, the lithium salt is Li(PF,). As with the anode, addition of a lithium salt to the

cathode results in an increase in ionic conductivity.
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The electrolyte 16 is disposed between the anode 14 and the cathode 15. The
electrolyte 16 comprises a third soluble, amorphous. thermoplastic polyimide and a lithium
<alt 23 The third soluble. amorphous, thermoplastic polyimide may be any soluble,
amorphous. thermoplastic polyimide known to those skilled in the art and may or may not be
of the same chemical composition as the first and second soluble, amorphous, thermoplastic
polyimides which are used for the anode and the cathode. respectively. Specific examples
- clude but are not limited to: MATRIMID XU5218 commercially available from Ciba-Geigy;
ULTEM 1000P commercially available from General Electric; LaRC-CP1, LaRC-CP2, and
[ aRC-Si available from Imitec, Inc., Schenectady, New York. The lithium salt 1s any lithium
salt known to those skilled in the art. In particular, the lithium salt is a member selected from
the group consisting of: LiCl, LiBr, Lil, Li(Cl10,), Li(BF,), Li(PF), Li(Ask), L1(CH,CO,),
Li(CF,S0,), Li(CF;S0O,),N, LiI(CF;50,), Li(CF,CO,). Li(B(C¢Hy),), Li(SCN), and L1(NO;).
Most preferably, the lithium salt is Li(PF4). Ina preferred embodiment, the electrolyte
comprises from about 2% by weight to about 10% by weight of the soluble, amorphous,

thermoplastic polyimide and from about 1% by weight to about 12% by weight of the lithium

salt.

The key to the invention lies in the soluble. amorphous, thermoplastic polyimides. The
soluble. amorphous, thermoplastic polyimides used in the present invention are fully imidized
and are usually powder in form. In order to produce the film, coating or a slurry from the
polyimide, it must be dissolved in a solvent such as N.N-methylpyrolidinone (NMP),
dimethylacetamide (DMAC), and dimethylformamide (DMF). Note that the polyimides
dissolve in these solvents. The solvent is not used to swell the polymer. nor will the polymer
swell since it is a thermoplastic. Also. since the polyimides are fully imidized, there is no need
‘o further cure them at higher temperatures which may cause damage to the battery. Instead.
the polyimides are dried at the flash point of the solvent strictly for the purpose of removing
the solvent. No further polvmerization will occur. thus there are no bvproducts ot the
condensation reaction (water) to interact with the lithium salts. The amorphous characteristic
of the polvimide provides an unobstructed pathway for ionic mobility. unlike the crvstalline or
semi-crvstalline polymers previously used. In addition. it was discovered that large amounts
of lithium salts could be dissolved in these polvimide solutions without disturbing the polvmer

matrix. Lastly. these polvimides exhibited excellent adhesion to the current collectors as well
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as excellent adhesion between the interlayers. This interlayer adhesion reduces the resistance
and polarization effects in the battery.

The chemical compositions of the first, second and third soluble, amorphous,
thermoplastic polyimides may exist in various combinations. For example, all three
polyimides may be the same such as MATRIMID XU5218. Alternatively, other combinations
may exist such as: 1) the first and second polyimides are the Same and the third one different;
2) the first and third polyimides are the same and the second one different; 3) the second and
third polyimides are the same and the first one is different; or 4) all three polyimides are
different.

The fabrication process for the polyimide battery of the present invention is easier than
previous processes. In particular, the process does not require pretreatment of the current
collectors. In addition, the polyimide polymer does not require further curing nor does it need
to be heated above its glass transition temperature to be processed. Lastly, the polyimide
battery does not require high temperature or pressure to form the laminate.

The process comprises several steps. First, an anode slurry comprising a first soluble,
amorphous, thermoplastic polyimide solution; an electronic conductive filler; and an
Intercalation material is prepared. The first soluble, amorphous, thermoplastic polyimide
solution 1s prepared by mixing about 8% to about 20% by weight of a first soluble, amorphous,
thermoplastic polyimide powder with about 80% to about 92% by weight of a solvent. The
first soluble, amorphous, thermoplastic polyimide powder may or may not have the same
chemical composition as that found in the electrolyte or the cathode slurry. As an alternative
embodiment, a Iithium salt is added to the first soluble, amorphous, thermoplastic polyimide
solution.

A cathode slurry comprising a second soluble, amorphous, thermoplastic polyimide
solution; an electronic conductive filler: and a metal oxide is prepared. The second soluble,
amorphous, thermoplastic polyimide solution is prepared by mixing about 8% to about 20% by
weight of a second soluble, amorphous, thermoplastic polyimide powder with about 80% to
about 92% by weight of a solvent. The second soluble, amorphous, thermoplastic polyimide
powder may or may not have the same chemical composition as that found in the electrolyte or

the anode slurry. As an alternative embodiment, a lithium salt is added to the second soluble,

amorphous, thermoplastic polyimide solution.
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An electrolyte solution comprising a third soluble, amorphous, thermoplastic
polyimide solution and a lithium salt is prepared. The third soluble, amorphous, thermoplastic
polyimide solution is prepared by mixing about 8% to about 20% by weight of a first soluble,
amorphous, thermoplastic polyimide powder with about 80% to about 92% by weight of a
solvent. About 20% to about 35% by weight of a lithium salt is dissolved in about 65% to
about 80% by weight of a solvent to form a solution. The solﬁtion is then mixed with the first
soluble, amorphous, thermoplastic polyimide solution to form the electrolyte solution. The
electrolyte comprises from about 2% by weight to about 10% by weight of the soluble,
amorphous, thermoplastic polyimide and from about 1% by weight to about 12% by weight of
the lithium salt.

An electrolyte layer is formed by casting a film of the electrolyte solution. The film 1s
cast using standard thin film methodology, such as spin casting or using a doctor blade to draw
down the solution to a film ranging from about 0.25 mils to about 20 mils in thickness. The
electrolyte layer is dried using any method known to those skilled in the art and, in particular,
in an oven at about 70 to about
150 degrees C for about 20 to about 60 minutes to drive off the solvent. In particular, the
electrolyte layer can be fully dried in an oven at about 150 degrees C for about 30 to 60
minutes to create an opaque, flexible, smooth, tough fiim.

An anode is formed by coating the anode slurry on a first current collector. Any
coating technique known to those skilled in the art may be used provided it is not laminating.
Such coating techniques include but are not limited to: vapor deposition, dip coating, spin
coating, screen coating, and coating with a brush. No preparation of the current collector 1s
required. Moreover, the anode slurry is applied to the first current collector at a relatively thin
layer. The anode is dried using any method known to those skilled in the art and, in particular,
in a gravity flow oven for about 20 to about 60 minutes at approximately 70 to 150 degrees C
to drive off the solvent and leave a tacky film. Preferably, the anode can be fully dried in an
oven at about
150 degrees C for about 30 to 60 minutes. It was observed that the anode slurry had excellent
adhesion to the first current collector. The anode is loaded with lithium 1ons by soaking the
anode in a 1 Molar lithium salt solution for about 20 to about 45 minutes. The hithium salt

solution comprises a lithium salt dissolved in a 50/50 blend of ethylene carbonate
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(EC)/propylene carbonate (PC). After the anode is finished soaking, it is wiped dry to remove
the excess solution.

A cathode 1s formed by coating the cathode slurry on a second current collector. Any
coating technique known to those skilled in the art may be used provided it is not laminating.
Such coating techniques include but are not limited to: vapor deposition, dip coating, spin
coating, screen coating, and coating with a brush. As with the énode, no preparation of the
current collector 1s required. The cathode slurry is applied to the second current collector at a
relatively thin layer. The cathode is dried using any method known to those skilled in the art
and, 1n particular, i an oven for about 20 to about 60 minutes at approximately 70 to 150
degrees C to drive off the solvent and leave a tacky film. Alternatively, the cathode can be
fully dried in an oven at about 150 degrees C for about 30 to 60 minutes. It was observed that
the cathode slurry had excellent adhesion to the second current collector.

The anode, electrolyte layer and the cathode are assembled to form a battery. The
assembly process takes place using several methods. In one embodiment, the anode is
provided. At least one drop of the electrolyte solution is applied to the anode. A drop i1s
defined as a quantity expressed from a standard pipette. The underside of the electrolyte layer
1s positioned over the anode such that the electrolyte solution is disposed therebetween. At
least one drop of the electrolyte solution is applied to the upperside of the electrolyte layer.
Alternatively, a drop of the electrolyte solution could be applied to the cathode instead of the
electrolyte layer. The cathode is positioned over the upperside of the electrolyte layer wherein
the electrolyte solution is disposed therebetween to form an assembly. The assembly is heated
at a temperature sufficient to allow the electrolyte solution to dry and wherein each soluble,
amorphous, thermoplastic polyimide undergoes softening or melt flow. The softening of the
polymer allows for intimate lateral contact to take place between the layers, ultimately forming
a uniform assembly which is self-bonded and exhibits excellent adhesion between the
interlayers. After the assembly is heated, it is allowed to cool to room temperature. As an
additional step, the assembly is placed in a protective casing and charged at 0.5 milliamps
using a constant voltage or constant current.

As an alternative method for assembly, the clectrolyte layer, the anode and the cathode
are dried to a tacky state. The battery is assembled by providing the anode. The electrolyte
layer is positioned over the anode. The cathode is positioned over the electrolyte layer to form

an assembly. Pressure is applied to the assembly. Pressure may be as minimal as merely
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pressing the layers together by hand or by applying pressure in a press. The amount of

~ pressure required is sufficient to allow for intimate contact to be made between the layers. In

an additional step to the process, the assembly is heated to a temperature wherein each soluble
amorphous, thermoplastic polyimide undergoes melt flow. The assembly is then allowed to
cool to room temperature. Lastly, the assembly is enclosed in a protective casing and charged
at 0.5 milliamps using a constant voltage or constant current. The polyimide batteries

resulting from this process exhibit excellent interlayer adhesion, are flexible, and exhibit 10nic

conductivity over a range of temperatures.

EXAMPLES
Example 1

An electrolyte solution was prepared according to the following formulation:

Raw Matenal % by wej
Li{PF) 8.5
MATRIMID XUS5218 6.4
NMP 85.1

The 8.0 grams of Li(PF,) was dissolved in 40 grams of NMP under a dry, inert atmosphere and
constant stirring to form a solution. In a separate flask, 6.0 grams of MATRIMID XU5218
soluble, amorphous, thermoplastic polyimide, commercially available from Ciba-Geigy, was
dissolved in 40 grams of NMP. The lithium salt solution was then added to the soluble
polyimide solution under constant stirring.

A film was cast using a doctor blade set for a thickness of 6 to 8 mils. The film was
dried in an oven at about 140 degrees C for about 30 to 45 minutes to yield an opaque,
flexible, smooth, tough film of about 0.5 mil in thickness. Conductivity testing was conducted
on the electrolyte layer at various temperatures. The temperature cycle involved a ramp and
hold of 80 degrees C followed by two ramps up and down from room temperature to 60
degrees C. The value of log (¢“*2nF) was approximately 1.1x10° throughout this temperature
sequence. Since o=¢, £**2nF where £, = 8.85 x 10™J'cm the value of o was 1x10™ ohms’

‘em™ throughout this temperature range. Results from the test are shown 1n Figure 3.
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X e 2

An anode was prepared according to the following formulation:

aw Matenial % by weight
Graphite 46.0
Carbon Black 2.4
Li(PF)) 2.3
MATRIMID XU5218 3.4
NMP 45.9

The soluble, amorphous, thermoplastic polyimide, MATRIMID XU5218, commercially
available from Ciba-Geigy, was dissolved in a portion of the NMP to form a polyimide
solution. To the polyimide solution, was added the graphite and carbon. In a separate flask,
the Li(PF,) was dissolved in a portion of the solvent to form a lithium salt solution. The
lithtum salt solution was added to the polyimide solution to form a slurry. The slurry was ball
milled for approximately 60 minutes. The slurry was then let down with the remaining solvent
and balled milled for another 60 minutes. The resulting anode slurry was coated on to a strip
of aluminum and dried in an oven for about 20 to 60 minutes at approximately 70 to 150
degrees C. The anode was loaded with lithium ions by soaking the anode in a 1 Molar lithium
salt solution for about 20 to about 45 minutes. The lithium salt solution comprises Li(PF,)
dissolved in a 50/50 blend of ethylene carbonate (EC)/propylene carbonate (PC) to form a 1

Molar solution. After the anode was finished soaking, it was wiped dry to remove the excess

solution.
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Example 3
A cathode was prepared according to the following formulation:

Raw 1al % by weight
Metal oxide 42.34
Carbon Black 4.‘77
Li(PF,) 2.24

MATRIMID XU5218 4.84
NMP 45.81

The soluble, amorphous, thermoplastic polyimide, MATRIMID XU5218, commercially
available from Ciba-Geigy, was dissolved in a portion of the NMP to form a polyimide
solution. To the polyimide solution, was added the oxide and carbon. In a separate flask, the
Li(PF,) was dissolved in a portion of the solvent to form a lithium salt solution. The lithium
salt solution was added to the polyimide solution to form a slurry. The slurry was ball milled
for approximately 60 minutes. The slurry was then let down with the remaining solvent and
ball milled for another 60 minutes. The resulting cathode slurry was coated on to a strip of

copper and dried in an oven for about 20 to 60 minutes at approximately 70 to 150 degrees C.

Example 4

A battery was prepared using the electrolyte layer of example 1, the anode of example
2, and the cathode of example 3. A drop of the electrolyte solution prepared in example 1 was
applied to the surface of the anode. The electrolyte layer was placed over the anode such that
the electrolyte solution served as an adhesive. A second drop of the electrolyte solution was
applied to the upper side of the electrolyte layer and the cathode placed on top of 1it. The
assembly was then squeezed together by hand and placed into an oven. The assembly was
heated to about 150 degrees C for about 30 to 60 minutes. The assembly was then allowed to
cool to room temperature and was observed for any sign of delamination. There was no failure
of interlayer adhesion. The assembly was then placed inside a protective casing and charged at

0.5 milliamps using constant voltage or constant current, forming a final battery product.
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Example 5

Several batteries of example 4 were connected to power a cellular phone. The cellular
phone was used to place several long distance and local calls. Each call lasted approximately

five minutes without interruption. The batteries were recharged after each call.

The above description and drawings are only illustrative of preferred embodiments which
achieve the objects, features and advantages of the present invention, and it is not intended that
the present invention be limited thereto. Any modification of the present invention which
comes within the spirit and scope of the following claims is considered part of the present

invention.




N

10

CA 02281697 1999-07-30

PETUS98/ Uz 51
IPEAUS 07 MAY 1999

_17-
CLAIMS

What is claimed 1s:

]. A battery comprising:

at least one anode. each anode comprising: an anode current collector; a first
soluble. amorphous. thermoplastic polyimide. wherein the polyimide is soluble in a solvent
selected from the group consisting of: N.N-methy!pyrolidinone (NMP); dimethylacetamide

(DMACc); and dimethylformamide (DMF); an electronic conductive filler; and an intercalation

material;

at least one cathode, each cathode comprising: a cathode current collector; a second
soluble, amorphous, thermoplastic polyimide, wherein the polyimide is soluble in a solvent
selected from the group consisting of: N,N-methylpyrolidinone (NMP); dimethylacetamide

(DMACc); and dimethylformamide (DMF): an electronic conductive filler; and a metal oxide;

and

at least one electrolyte disposed between each anode and each cathode, wherein each
electrolyte comprises: a third soluble. amorphous, thermoplastic polyimide, wherein the
polyimide is soluble in a solvent selected trom the group consisting of: N,N-

methylpyrolidinone (NMP); dimethylacetamide (DMAc); and dimethylformamide (DMF): and

a lithium salt.

2. A batterv according to claim 1. wherein at [east two of the first, second and third

soluble. amorphous. thermoplastic polyimides have the same chemical composition.

3. A battery according to claim | or 2. wherein the cathode and/or the anode further

comprise(s) a lithium salt.

4. A batterv according to any of the preceding claims. wherein the lithium salt 1s
selected from the group consisting of: LiClL. LiBr. Lil. Li(ClO,). Li(BF,). Li(PF¢). Li(Ask,).
Li(CH.CO.). Li(CF.SO.). Li(CF.SO.).N. Li(CF,SO,):. LCF,CO,). LiB(C,H;),). LISCN).
and L1(NO;).

S, A battery according to claim 4. wherein the hthium salt s Li(PE ).

----- Y A -
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6. A battery according to any of the preceding claims, wherein the anode current

collector and/or the cathode current collector comprises an expanded metal foil having

apertures.

7. A battery according to claim 6, wherein the anode current collector comprises an

expanded aluminum foil having apertures.

8. A battery according to claim 6 or 7, wherein the cathode current collector comprises

an expanded copper foil having apertures.

9. A battery according to any of the preceding claims, wherein the intercalation
material is selected from the group consisting of: carbon, activated carbon, graphite. petroleum

coke. a lithium alloy, nickel powder, and a low voltage lithium intercalation compound.

10. A battery according to any of the preceding claims, wherein the metal oxide 1s

selected from the group consisting of: LiCoQ,; LiMnO,; LiNiO,; VO,;: V,05; and LiMn,0;.

11 An electrolyte comprising a soluble, amorphous, thermoplastic polyimide. wherein
the polvimide is soluble in a solvent selected from the group consisting of: N.N-

methylpyrolidinone (NMP); dimethylacetamide (DMAc); and dimethylformamide (DMF); and

a [1ithium salt.

12.

aroup consisting of: LiClL. LiBr. Lil. Li(ClO,). Li(BF ). Li(PF,). Li(Ask,). Li(CH-CO,).
Li(CF.SO,). Li(CF;SO,).N. Li(CF,SO,);. LiCF,CO,). Li(B(C(H;),). Li(SCN). and Li{NO,).

An electrolyte according to claim 11. wherein the lithium salt is selected from the

[ 5. An electrolvte according to claim 11 or 12 comprising from about 2% by weight to
about 10% by weight of a soluble. amorphous. thermoplastic polyvimide and from about 1% by

weight to about 12% by weight ot a hithtum salt.

| 4. A process for preparing a battery comprising the steps of:

- e Y oum
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a) preparing an anode slurry comprising a first soluble. amorphous. thermoplastic
polyimide dissolved in a solvent selected from the group consisting of: N.N-
methylpyrolidinone (NMP); dimethylacetamide (DMAC); and dimethylformamide (DMF): an
electronic conductive filler; and an intercalation material;

b) preparing a cathode slurry comprising a second soluble. amorphous.
thermoplastic polyimide dissolved in a solvent selected from the group consisting of: N.N-
methylpyrolidinone (NMP); dimethylacetamide (DMAc); and dimethylformamide (DMI); an
electronic conductive filler; and a metal oxide;

¢) preparing an electrolyte solution comprising a third soluble, amorphous,
thermoplastic polyimide dissolved in a solvent selected from the group consisting of: N,N-
methylpyrolidinone (NMP): dimethylacetamide (DMAc); and dimethylformamide (DMF); and
a lithium salt;

d) casting a film of the electrolyte solution to form an electrolyte layer:

e) coating the anode slurry on a first current collector to form an anode:

f)  coating the cathode slurry on a second current collector to form a cathode;

o) drying the electrolyte layer, the anode, and the cathode:

h) soaking the anode in a lithium salt solution; and

i) assembling the anode, the electrolyte layer, and the cathode to form a battery.
15. A process according to claim 14, wherein one or more of the soluble, amorphous,
thermoplastic polyimide solutions are prepared by mixing a soluble. amorphous. thermoplastic

polvimide powder with a solvent.

16. A process according to claim 14 or 13. wherein a lithium salt is added to the first

and/or the second soluble. amorphous. thermoplastic polyimide solution.

1 7. A process according to any of the claims 14-16. wherein the battery 1s assembled
a) providing the anode:
b) applving at least one drop of the electrolyte solution to the anode:

¢y positioning the clectrolyvte layer over the anode wherein the electrolyte solution

1s disposed therebetween:

v eun e OUEET
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d) applying at least one drop of the electrolyte solution to the electrolyte layer:;

e) positioning the cathode over the electrolyte layer wherein the electrolyte

solution is disposed therebetween to form an assembly:

f) heating the assembly at a temperature sufficient to allow the electrolyte solution

to dry and wherein each soluble. amorphous, thermoplastic polyimide undergoes melt flow;

and

a) cooling the assembly to room temperature.

18. A process according to any of the claims 14-16, wherein the electrolyte layer, the

anode and the cathode are dried to a tacky state.

19. A process according to claim 18. wherein the battery is assembled by:

a) providing the anode;
b) positioning the electrolyte layer over the anode;

c) positioning the cathode over the electrolyte layer to form an assembly. and

d) applying pressure to the assembly.

20. A process according to claim 19 further comprising the steps of heating the
assembly to a temperature wherein each soluble. amorphous. thermoplastic polyimide

undergoes melt flow and cooling the assembly to room temperature.

21. A process according to any of the claims 14-20 further comprising the step of

enclosing the assembly in a protective casing.

20 A batterv obtained by a process according to any of the claims 14-21.
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