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TITLE OF THE INVENTION

BATTERY ELECTRODE WITH SOLID POLYMER ELECTROLYTE AND AQUEOUS
SOLUBLE BINDER

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT

Not Applicable.

BACKGROUND OF THE INVENTION

Methods of making battery electrodes, particularly lithium-ion batteries, typically require
binders to both maintain electrode integrity and to ensure adherence with corresponding current
collector surfaces. The binders are used in electrode forming processes with appropriate solvents.
Non-aqueous solvents are used with binders such as Polyvinylidene fluoride also known as
polyvinylidene difluoride. Aqueous binders including water are less toxic, but water can damage
electrolytes by, for example, disassociating electrolyte salts from the solute. Thus, prior art use of
aqueous binders generally requires processes that isolate the aqueous solution from the electrolyte
and/or additional process steps for addition of supplementary electrolyte after the aqueous solution

is driven or removed from the electrode.

BRIEF SUMMARY OF THE INVENTION

It has been surprisingly found that the solid ionically conductive polymer electrolyte
described US Application 13/861,170 granted as US9,819,053 and US Application 15/148,085 can
enable the use of aqueous soluble binders without the previously required step of adding
electrolytes. US Application 13/861,170 granted as US9,819,053 and US Application 15/148,085
are incorporated herein in their entireties except for any definitions, subject matter disclaimers or
disavowals, and except to the extent that the incorporated material is inconsistent with the express
disclosure herein, in which case the language in this disclosure controls. The granted patent
US9,819,053 and US Application 15/148,085 are included in this specification as respective
Attachment A and Attachment B prior to the claim listing in this application.
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In one aspect, the invention features an electrode useful in an electrochemical cell. The
electrode includes an electrochemically active material; an electrically conductive material; a solid
ionically conductive polymer electrolyte; and a binder; wherein the binder is dispersed in an
aqueous solution.

Further aspects of the invention including the electrode useful in an electrochemical cell can
include one or more of the following embodiments:

In an embodiment, the binder is soluble in an aqueous solution.

In another embodiment, the binder is partially soluble in an aqueous solution.

In yet another embodiment, the electrode further includes a lithium.

In an embodiment, the electrochemically active material includes a graphite.

In another embodiment, the electrochemically active material is in an amount having a
range of 70-90 wt. % of the electrode.

In yet another embodiment, the electrode further includes an electrically conductive current
collector which is in electrical communication with the electrically conductive material.

In an embodiment, the electrode further includes a second binder which is soluble in an
aqueous solution.

In another embodiment, the solid ionically conductive polymer electrolyte is in an amount
having a range of 52-15 wt.% of the electrode.

In yet another embodiment, the solid ionically conductive polymer electrolyte has an ionic
conductivity of at least 1x10* S/cm.

In an embodiment, the solid ionically conductive polymer electrolyte has a crystallinity of at
least 30%.

In another embodiment, the solid ionically conductive polymer electrolyte has a cathodic
transference number greater than 0.4 and less than 1.0.

In yet another embodiment, the solid ionically conductive polymer electrolyte is in a glassy
state.

In an embodiment, the electrochemically active material, the electrically conductive
material, the solid ionically conductive polymer electrolyte and the binder include a plurality of
dispersed, intermixed particulates.

In yet another embodiment, the electrode further includes an electrically conductive current
collector; and the electrode is adhered to the electrically conductive current collector.

In an alternative embodiment, the electrochemically active material, the electrically

conductive material, the solid ionically conductive polymer electrolyte and the binder include a
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plurality of dispersed, intermixed particulates forming a mixture; and the mixture is adhered to the
electrically conductive current collector by an aqueous slurry.

In another aspect, the invention features a method of making a battery structure. The
method includes the steps of selecting an electrically conductive current collector and an electrode;
wherein the electrode comprises an electrochemically active material, an electrically conductive
material, a solid ionically conductive polymer electrolyte, and a binder; mixing the
electrochemically active material, the electrically conductive material, the solid ionically
conductive polymer electrolyte, and the binder in an aqueous solution to create a slurry; positioning
the slurry adjacent the electrically conductive current collector; and drying the slurry; wherein the
electrode adheres to the electrically conductive current collector.

These and other aspects, features, advantages, and objects will be further understood and
appreciated by those skilled in the art by reference to the following specification including

Attachments A, B and C, claims and appended drawings.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

In the drawings:

FIG. 1 is a schematic of an electrochemical cell according to an exemplary embodiment of
the invention;

FIG. 2 is a discharge curve for the electrochemical cell described in Example 1;

FIG. 3 is a plot of a cycle test for the electrochemical cell described in Example 1 during
Lithium intercalation and deintercalation;

FIG. 4 is a discharge curve for the comparative electrochemical cell described in Example
2; and

FIG. 5 is a plot of a cycle test for the electrochemical cell described in Example 2.

DETAILED DESCRIPTION OF THE INVENTION
Referring to FIG. 1, an electrochemical cell 10 is shown in representative cross-
section. The electrochemical cell has a first electrode 20 attached to a first electrically conductive
current collector 30. The electrochemical cell also includes a second electrode 50 which is similarly
attached to a second electrically conductive current collector 60. An electrolyte layer 40 is
interposed between the first and second electrodes. The electrolyte layer 40 acts as a dielectric
separator and enables ionic conduction between the electrodes. Each of the current collectors 30

and 60 includes a respective tab 25 and 65 extending from each respective current collector 30 and
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60 so that at least a portion of the tab can extend from the cell enclosure (not shown). Each tab 25
and 65 thus can act as an electrical lead, either positive and negative for the cell.

Additional information on the design of electrochemical cells and their associated
electrodes is included in the following examples and description and in PCT Application
US2016/035628, which is incorporated herein by reference in its entirety except for any definitions,
subject matter disclaimers or disavowals, and except to the extent that the incorporated material is
inconsistent with the express disclosure herein, in which case the language in this disclosure
controls. A copy of PCT Application US2016/035628 is also included as Attachment C in the
present specification.

The first 20 and second electrodes 50 each contain an electrochemically active material that
forms an electrochemical couple which produces electrons when the cell in under load. Although
the construction of an electrochemical cell and its electrodes can vary depending on the
electrochemical couple, in an aspect, the invention features an electrode having a basic or typically
design known to those of ordinary skill in the art. In addition to the electrochemically active
material, the electrode components typically include an electrolyte, an electrically conductive
material and a binder. Liquid electrolytes or non-solid electrolytes such as, for a non-limiting
example, gels, or electrolytes having a non-solid state are typically used in the prior art as the
ionically conductive media in electrochemical cells. In an aspect, the invention features an
electrochemical cell which includes a solid, ionically conductive, polymer electrolyte. The solid
ionically conductive polymer electrolyte can function as an analyte and as a catholyte.

In one non-limiting exemplary embodiment the solid, ionically conductive polymer
electrolyte can include a plurality of particulates. These particulates can be arranged in an array
having a shape of a film, such as, for a non-limiting example, a planar film. The solid ionically
conductive polymer electrolyte can be interposed between the electrodes to enable ionic
conductivity between the electrodes while also providing the dielectric barrier necessary for the
electrochemical cell. The particulates of the solid ionically conductive polymer electrolyte can be
dispersed throughout the electrode whether the particulates function as an analyte and/or as a
catholyte. The particulates can be interspersed with and encapsulate the particles of the
electrochemically active material, the binder, and the electrically conductive material. The
electrolyte includes at least one salt for the required ionic conductivity for the cell. The salt contains
at least an anion and a cation. In one non-limiting exemplary embodiment, the invention features a
lithium battery, wherein the diffusivity and ionic conductivity of the cation is preferably greater

than that of the anion.
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The present invention includes a lithium metal battery enabled to operate efficiently at a
high voltage by a solid ionically conductive polymer material.

The following explanations of terms are provided to better detail the descriptions of aspects,
embodiments and objects of the invention. Unless explained or defined otherwise, all technical and
scientific terms used herein have the same meaning as commonly understood to one of ordinary
skill in the art to which this disclosure belongs. In order to facilitate review of the various aspects
and/or embodiments of the disclosure, the following explanations of specific terms are provided:

The term “depolarizer(s)” refers to a synonym for an electrochemically active substance(s),
i.e., a substance(s) which changes its oxidation state or partakes in a formation or breaking of
chemical bonds, in a charge-transfer step of an electrochemical reaction and an electrochemically
active material. When an electrode has more than one of the electroactive substances, they can be
referred to as co-depolarizers.

The term “thermoplastic(s)” refers to a characteristic of a plastic material or polymer,
wherein the plastic material or polymer becomes reversibly pliable or moldable above a specific
temperature, the specific temperature being typically around or at the melting temperature of the
plastic material or polymer, and wherein the plastic material or polymer reversibly solidifies upon
cooling below the melting temperature.

The terms “solid electrolyte(s)” and/or “solid phase electrolytes” refer to solvent free
polymers and/or ceramic compounds including crystalline, semi-crystalline and/or amorphous
compounds and/or compounds in a glassy state. For purposes of this application including its
claims, the terms “solid electrolyte(s)” and/or “solid phase electrolyte(s)” do not refer to or include
gelled or wet polymer(s), solvent(s) and/or other material(s) which depend upon a liquid, liquid
phase, and/or liquid phase material for ionic conductivity.

The terms "solid(s)" and/or “solid phase(s) and/or solid phase material and/or material is a
solid phase” can be used interchangeably and refer to the ability to maintain indefinitely a particular
shape, wherein the “solid” is distinguishable and different from a liquid or a liquid phase or a liquid
phase material or a material in a liquid phase. The atomic structure of the “solid(s)” can be
crystalline or amorphous. The “solid(s)” can be mixed with or include components in composite
structures. For purposes of this application including its claims, a “solid” ionically conductive or
conducting material enables ionic conductivity through the “solid” material and not through any
solvent, gel, liquid, liquid phase or liquid phase material, unless it is otherwise described.

The term “polymer(s)” refers to an organic compound which includes carbon-based
macromolecules. Each macromolecule can have one or more types of repeating units, also known

as monomers and/or monomer residues, as understood by those persons of ordinary skill in the art.
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A “polymer(s)” is characterized as lightweight, ductile, usually or typically electrically non-
conductive, and melts at a relatively low temperature. A polymer(s) can be made into products by
injection, blowing and other molding processes, extrusion, pressing, stamping, three-dimensional
printing, machining and other plastic or polymer forming processes known to those of ordinary skill
in the art. A polymer(s) typically has a glassy state at a temperature below the glass transition
temperature or Tg of the polymer(s). The glass transition temperature is a function of polymer chain
flexibility. At temperatures above the glass transition temperature, there is enough vibrational
and/or thermal energy in the system of the polymer(s) to create sufficient free-volume to permit
sequences of segments of the polymer macromolecule to move together as a unit. However, when
in the glassy state, a polymer has no segmental motion of the polymer.

The term “ceramic(s)”, which is distinguishable from the term “polymer(s)”, refers to an
inorganic, non- metallic material; ceramics typically include compounds which consist of metals
covalently bonded to oxygen, nitrogen or carbon. A “ceramic(s)” is characterized as brittle, strong
and non-conducting,

The term “glass transition temperature”, which is observed, determined or estimated in
some but not all polymers, is a temperature or temperature range which falls between the
temperature of a supercooled liquid state and the temperature of a glassy state as a polymer material
is cooled. The thermodynamic measurements of the glass transition are done by measuring a
physical property of the polymer, e.g. volume, enthalpy or entropy and other derivative properties
as a function of temperature. The glass transition temperature is observed on such a plot as a break
in the selected property (volume of enthalpy) or from a change in slope (heat capacity or thermal
expansion coefficient) at the transition temperature. Upon cooling a polymer from above the Tg to
below the Tg, the polymer molecular mobility slows down until the polymer reaches its glassy
state.

A polymer(s) can include a crystalline, a semi-crystalline and/or an amorphous phase. The
term “percentage crystallinity” of a polymer(s) refers to the percentage or amount of the crystalline
phase of the polymer relative the total amount of the polymer including both the amorphous and
crystalline phases of the polymer. Crystallinity percentage can be calculated via x-ray diffraction of
the polymer and analysis of the relative areas of the amorphous and crystalline phases of the
polymer.

The term “polymer film” generally refers to a thin portion of polymer. For the purposes of
the present application, the term “polymer film” should be understood to equal a portion of polymer
which is equal to or less than 300 micrometers in thickness. lonic  conductivity differs from

electrical conductivity. Ionic conductivity depends on ionic diffusivity, and the properties of ionic
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conductivity are related by the Nernst-Einstein equation. lIonic conductivity and ionic diffusivity are
both measures of ionic mobility. An ion is considered mobile in a material if the diffusivity of the
ion in the material is positive, that is, greater than zero, and/or the movement of the ion contributes
to a positive ionic conductivity. lonic mobility measurements are generally taken at room
temperature, that is, around 21°C, unless otherwise stated. lonic mobility is affected by
temperature. Thus, it can be difficult to detect ionic mobility at low temperatures. Equipment
detection limits can be a factor in determining relatively low ionic mobility. An ion can be
considered mobile in a material when a measurement of the diffusivity of the ion is at least 1 x 1074
m?s and preferably is at least] x 103 m%/s.

The term “solid polymer ionically conductive and/or conducting material(s)” refers to a
solid material that includes a polymer and conducts ions as will be further described.

An aspect of the invention includes a method of synthesizing a solid ionically conductive
polymer material from at least three distinct components: a base polymer, a dopant and an ionic
compound. The components and method of synthesis are chosen or selected for the particular
application of the material. The selection of the base polymer, dopant and ionic compound may also
vary based on the desired performance of the material. For example, the desired components and
method of synthesis may be determined by optimization of a desired physical characteristic (e.g.
ionic conductivity).

The method of synthesis can also vary depending on the particular components and the
desired form of the end material (e.g. film, particulate, etc.). However, the method includes the
basic steps of mixing at least two of the components initially, adding the third component in an
optional second mixing step, and heating the components/reactants to synthesis the solid ionically
conductive polymer material in a heating step. In one aspect of the invention, the resulting mixture
can be optionally formed into a film of desired size. If the dopant was not present in the mixture
produced in the first step, then it can be subsequently added to the mixture while heat and
optionally pressure (positive pressure or vacuum) are applied. All three components can be present
and mixed and heated to complete the synthesis of the solid ionically conductive polymer material
in a single step. However, this heating step can be done when in a separate step from any mixing or
can completed while mixing is being done. The heating step can be performed regardless of the
form of the mixture (e.g. film, particulate, etc.) In an aspect of the synthesis method, all three
components are mixed and then extruded into a film. The film is heated to complete the synthesis.

When the solid ionically conductive polymer material is synthesized, a color change occurs
which can be visually observed as the reactants color is a relatively light color, and the solid

ionically conductive polymer material is a relatively dark or black color. It is believed that this color
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change occurs as charge transfer complexes are formed and can occur gradually or quickly
depending on the synthesis method.

An aspect of the method of synthesis includes a step of mixing the base polymer, ionic
compound and dopant together followed by a step of heating the mixture. The heating step can be
performed in the presence of the dopant where the dopant can be in the gas phase. The mixing step
can be performed in an extruder, blender, mill or other equipment typical of plastic processing. The
heating step can last several hours (e.g. twenty-four (24) hours) and the color change is a reliable
indication that synthesis is complete or partially complete. Additional heating past synthesis (color
change) does not appear to negatively affect the material.

In an aspect of the synthesis method, the base polymer and ionic compound can be first
mixed. The dopant is then mixed with the polymer-ionic compound mixture and heated. The
heating can be applied to the mixture during the mixture step or the heating can be applied to the
mixture subsequent to the mixing step.

In another aspect of the synthesis method, the base polymer and the dopant are first mixed,
and then heated. This heating step can be applied after the mixing or during the mixing. The heating
step produces a color change indicating the formation of charge transfer complexes and reaction
between the dopant and the base polymer. The ionic compound is then mixed with the reacted
polymer dopant material to complete the formation of the solid ionically conductive polymer
material.

Typical methods of adding the dopant are known to those skilled in the art and can include
vapor doping of film containing the base polymer and ionic compound and other doping methods
known to those skilled in the art. Upon doping the solid polymer material becomes ionically
conductive. It is believed that the doping acts to activate the ionic components of the solid polymer
material, so they are diffusing ions.

Other non-reactive components can be added to the above described mixtures during the
initial mixing steps, secondary mixing steps or mixing steps subsequent to heating. Such other
components include but are not limited to depolarizers or electrochemically active materials such as
anode or cathode active materials, electrically conductive materials such as carbons, rheological
agents such as binders or extrusion aids (e.g. ethylene propylene diene monomer "EPDM"),
catalysts and other components useful to achieve the desired physical properties of the mixture,

Polymers that are useful as reactants in the synthesis of the solid ionically conductive
polymer material are electron donors or polymers which can be oxidized by electron acceptors.
Semi-crystalline polymers with a crystallinity index greater than 30%, and greater than 50% are
suitable reactant polymers. Totally crystalline polymer materials such as liquid crystal polymers

-8
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("LCPs") are also useful as reactant polymers. LCPs are totally crystalline and therefore their
crystallinity index is hereby defined as 100%. Undoped conjugated polymers and polymers such as
polyphenylene sulfide ("PPS") are also suitable polymer reactants.

Polymers are typically not electrically conductive. For example, virgin PPS has an electrical
conductivity of 102 S/cm. Non-electrically conductive polymers are suitable reactant polymers.

In an aspect, polymers useful as reactants can possess an aromatic or heterocyclic
component in the backbone of each repeating monomer group, otherwise known as a monomer
residue, and a heteroatom either incorporated in the heterocyclic ring or positioned along the
backbone in a position adjacent the aromatic ring. The heteroatom can be located directly on the
backbone or bonded to a carbon atom which is positioned directly on the backbone. In both cases
where the heteroatom is located on the backbone or bonded to a carbon atom positioned on the
backbone, the backbone atom is positioned on the backbone adjacent to an aromatic ring. Non-
limiting examples of the polymers used in this aspect of the invention can be selected from the
group including PPS, Poly (p-phenylene oxide) ("PPO"), LCPs, Polyether ether ketone ("PEEK"),
Polyphthalamide ("PPA"), Polypyrrole, Polyaniline, and Polysulfone. Co-polymers including
monomers or monomer residues of the listed polymers and mixtures of these polymers may also be
used. For example, copolymers of p-hydroxybenzoic acid can be appropriate liquid crystal polymer
base polymers.

TABLE 1 details non-limiting examples of reactant polymers useful in the synthesis of the
solid ionically conductive polymer material along with monomer or monomer residue structures
and some physical property information. TABLE 1 includes non-limiting examples where

polymers can take multiple forms which can affect their physical properties.
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TABLE 1
Polymer Monomer Structure Melting MW
PL{C)
PPS 285 109
polyphenylenc
sulfide
PPO Polv(p- e 262 92
phenylene oxide) 4
PLEEK Polvether 335 288
cthor ketene
PPA 312
Polynhthalamide
Polypyrrole
Polyaniline Poly- 4 385 442
Phenylamine
[CoH\NH],
Polysulfone o 240
Lo " = 3
Xvydar (LCP) g . : 0 1
- il e 11
00104,
Veetran Poly- 0
paraphenvlene 4_D©'C DC
terephthalamide [- | 6
CO-C¢H,-CO-NTI- X i
Col1,-NTI-],,
;}& H 3 HP ;_E‘! F|' i £
flu FLIEY ..._..?....,(l:
H FJ,
Polyvacryionitrile { 3507
PAN) n
!
Polvterrafiuoro- EF 327
ethvlene (PTFI) (C“§}
F Fi,
Polyvethylene { PI) HOHY 115-135
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Dopants that are useful as reactants in the synthesis of the solid ionically conductive
polymer material are electron acceptors or oxidants. It is believed that the dopant(s) release ions for
ionic transport and mobility. It is believed that the dopant release of ions creates site(s) analogous to
charge transfer complex(es) or site(s) within the polymer which allow or permit ionic conductivity.
Non-limiting examples of dopants which can be used in the present invention include quinones
such as: 2,3-dicyano-5,6-dichlorodicyanoquinone (CsCpN>O») also known as "DDQ", and
tetrachloro-1,4-benzoquinone (CsC1402), also known as chloranil, tetracyanoethylene (CsN4) also
known as TCNE, sulfur tri oxide ("SO3"), ozone (tri oxygen or Os), oxygen (O, including air),
transition metal oxides including manganese dioxide ("MnQO,"), or any suitable electron acceptor,
etc. and combinations thereof. Dopants that are temperature stable at the temperatures of the
synthesis heating step are useful or preferred, and quinones and other dopants which are both
temperature stable and strong oxidizers quinones are very useful and even more preferred. TABLE

2 provides a non-limiting listing of dopants, along with their chemical formulas and structures.

TABLE 2
Dopant Formula Structure
2,3-Dichloro-5,6-dicyano- CLCLHON RO N o
1,4-benzoquinone {(DDQ) 0o
ST oy
tetrachloro-1,4-benzoguinone | C.CHO: ‘l’
L] €l

(chloranil) R

Tetracvanoetinlene (TONT) | CoNy “l\> Py
7
¢ \\‘\N
Sulfur Trioxide S0,
Qzone O
Oxygen 0,
Transition Metal Oxides MxOy (M Transition Metal.

x and v are equal to or
greater than 1)

lonic compounds that are useful as reactants in the synthesis of the solid ionically

conductive polymer material are compounds that release desired lithium ions during the synthesis
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of the solid ionically conductive polymer material. The ionic compound is distinct from the dopant
in that both an ionic compound and a dopant are required. Non- limiting examples include Li>O,
LiOH, LiNOs, LiTFSI (LiC2FsNO4S2 or lithium bis-trifluoromethanesulfonimide), LiFSI
(F2LiNO4S; or Lithium bis(fluorosulfonyl)imide), LiBOB (Lithium bis(oxalato)borate or
C4BLiOg), lithium triflate (LiCF303S or lithium trifluoromethane sulfonate), LiPF¢ (lithium
hexafluorophosphate), LiBF4 (lithium tetrafluoroborate), LiAsF¢ (lithium hexafluoroarsenate) and
other lithium salts and combinations thereof. Hydrated forms (e.g. monohydride) of these
compounds can be used to simplify handling of the compounds. Inorganic oxides, chlorides and
hydroxide are suitable ionic compounds in that they dissociate during synthesis to create at least
one anionic and/or cationic diffusing ion. Any such ionic compound that dissociates to create at
least one anionic and/or cationic diffusing ion would similarly be suitable. Multiple ionic
compounds can also be useful that result in multiple anionic and/or cationic diffusing ions can be
preferred. The particular ionic compound included in the synthesis depends on the utility desired for
the material. For example, in an aspect where it can be desired to have a lithium cation, a lithium
hydroxide or a lithium oxide convertible to a lithium and hydroxide ion can be appropriate. A
lithium containing compound that releases both a lithium cathode and a diffusing anion can be used
in the the synthesis method. A non-limiting group of such lithium ionic compounds includes those
used as lithium salts in organic solvents.

The purity of the materials can be relevant for the prevention of unintended side reactions
and for the maximization of the effectiveness of the synthesis reaction to produce a highly
conductive material. Substantially pure reactants with generally high purities of the dopant, the base
polymer and the ionic compound are useful, and purities greater than 98% are more useful with
even higher purities, e.g. LIOH: 99.6%, DDQ: >98%, and Chloranil: >99% also useful.

In the aspect of the invention when an anode intercalation material is used as the anode
electrochemically active material, useful anode materials include typical anode intercalation
materials comprising: lithium titanium oxide (LTO), Silicon (Si), germanium (Ge), and tin (Sn)
anodes doped and undoped; and other elements, such as antimony (Sb), lead (Pb), Cobalt (Co), Iron
(Fe), Titanium (Ti), Nickel (Ni), magnesium (Mg), aluminum (Al), gallium (Ga), Germanium (Ge),
phosphorus (P), arsenic (As), bismuth (Bi), and zinc (Zn) doped and undoped; oxides, nitrides,
phosphides, and hydrides of the foregoing; and carbons (C) including nanostructured carbon,
graphite, graphene and other materials including carbon, and mixtures thereof. In this aspect the
anode intercalation material can be mixed with and dispersed within the solid ionically conductive

polymer material such that the solid ionically conductive polymer material can act to ionically
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conduct the lithium ions to and from the intercalation material during both intercalation and
deintercalation (or lithiation/ de-lithiation).

Referring again to FIG. 1, the cathode current collector 60 and/or the anode current
collector 30 can include aluminum, copper, or other electrically conducting film onto which the
corresponding cathode 50 or anode 20 can be located or positioned. In alternative embodiments,
either the cathode current collector 60 and/or the anode current collector 30 can have a planar form.

Typical electrochemically active cathode compounds which can be used in the present
invention include but are not limited to: NCA - Lithium Nickel Cobalt Aluminum Oxide
(LiNiCoAlQO»); NCM (NMC) - Lithium Nickel Cobalt Manganese Oxide (LiNiCoMnO3); LFP -
Lithium Iron Phosphate (LiFePO4); LMO - Lithium Manganese Oxide (LiMn»04); LCo - Lithium
Cobalt Oxide (LiCo0O»); lithium oxides or phosphates that contain nickel, cobalt or manganese, and
LiTiS2, LiNiO2, and other layered materials, other spinels, other olivines and tavorites, and
combinations thereof.

In an aspect of the invention, the electrochemically active cathode compounds can be an
intercalation material or a cathode material that reacts with the lithium in a solid state redox
reaction. Such conversion cathode materials can include: metal halides including but not limited to
metal fluorides such as FeF», BiF3, CuF,, and NiF», and metal chlorides including but not limited to
FeCls, FeClz, CoClz, NiClz, CuCls, and AgCl; Sulfur (S); Selenium (Se); Tellerium (Te); lodine (I);
Oxygen (O); and related materials such as but not limited to pyrite (FeS2) and LiS.

The solid polymer electrolyte is stable at high voltages (exceeding 5.0V relative to the
anode electrochemically active material). Thus, an aspect of the invention involves the increase of
the energy density by enabling as high a voltage battery as possible. High voltage cathode
compounds are preferred in this aspect. Certain NCM or NMC material can provide such high
voltages with high concentrations of the nickel atom. In an aspect, NCMs that have an atomic
percentage of nickel which is greater than that of cobalt or manganese, such as NCM523, NCM712,
NCM721, NCM811, NCM532, NCM622 and NCM523, and other variations are useful to provide
a higher voltage relative the anode electrochemically active material.

An electrically conductive material is necessary to establish electrical communication
between electrochemically active particles and with the associated current collector for the support
of electrical conduction within and to and from the electrode. Such electrically conductive material
typically contains particulate carbon and various graphites and carbons which are useful for this
purpose such as. carbon black, a natural graphite, a synthetic graphite, a graphene, other electrically
conductive materials comprising carbon, a conductive polymer, a metal particle, and a combination

of at least two of the preceding components.
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Binders act to maintain electrode integrity and adhesion to the current collector. Like the
electrically conductive material and the electrolyte, the binders are not electrochemically active.
Thus, the less binder added, the more electrochemically active material can be added — thus
increasing the energy density and cell capacity. Binders which are soluble in aqueous solution are
substantially soluble in water-based solvents, and can include Carboxymethyl cellulose or “CMC”,
and styrene-butadiene rubber or “SBR”, similar aqueous soluble binders and mixtures thereof.

In addition to SBR and CMC, other binders which can be dispersed or are soluble in an
aqueous solution include: Polytetrafluoroethylene (PTFE), Ethylene propylene diene monomer
(EPDM) rubber and other rubbers, poly-polystyrene sulfonate (PEDOT-PSS), Polyacrylic acid
(PAA), Poly(methyl acrylate) (PMA) , Poly(vinyl alcohol) (PVA) , Poly(vinyl acetate) (PVAc),
Polyacrylonitrile (PAN), Polyisoprene (Plpr), Polyaniline (PANi), Polyethylene (PE), Polyimide
(PI), Polystyrene (PS), Polyurethane, Polyvinyl butyral (PVB), Polyvinyl pyrrolidone (PVP) and
modifications and combinations thereof. Additional natural binders which can be dispersed or are
soluble in an aqueous solution include: Amylose, Caseine, Cyclodextrines (carbonyl-beta),
Cellulose (natural), Starches, alginate, chitosan, gums (e.g., gellan, guar, xanthan, karaya, tara,
tragacanth, and arabic), agar—agar, pectine, and carrageenan.

In an aspect of the invention, chemical and/or physical modifications to these natural
binders can be made. Combinations of one or more of the natural and/or modified binders can be
used. The binders can be dispersed in an aqueous solution such that the binder particulates are
distributed for coherence of the electrode and/or for maintenance of electrical conductivity between
the electrode and a respective electrode lead. Further, binders which are soluble in an aqueous
solution can be used in the present invention. In an aspect, the invention features binders which can
be crosslinked if desired, e.g. PAA with CMC, and the crosslinked binder mixture can include
tertiary and other additional binders to provide desired mechanical benefits. In other aspects, the
invention features binders which are soluble and are well dispersed in the water-based solvent,
and/or binders which are partially soluble or otherwise dispersed.

Processes for manufacturing electrochemical cells also vary depending upon the
construction of the cell, the electrochemical couple, the other components or ingredients of the cell,
and the cell size. The electrochemically active material needs to be in ionic communication with the
solid polymer electrolyte, and in electrical communication with the electrically conductive material.

In an aspect, the invention features a plurality of particles of each electrode component
intermixed and dispersed such that the particles are intimately mixed. The binder must be added to
the mixture. Typically, a non-aqueous soluble binder such as PVDF can be added in solution in a

mixing step.
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Non-aqueous binders may not be compatible with certain electrode ingredients or
components, as further discussed below, however. Such non-aqueous binders can result in poor
electrical communication between an electrode and a current collector. If an aqueous binder is
substituted for the non-aqueous binder in such applications, the aqueous solution can degrade the
electrolyte. Therefore, in such applications, the electrolyte is added after the aqueous solution is
driven off in a drying or heating step. Prior art solid electrolytes can be incompatible with aqueous
binders, however. Prior art solid electrolytes cannot be added after a drying step, as the electrode is
cast and additional mixing would render an incoherent electrode. Inclusion of prior art solid
electrolytes such as PEO-salt complexes in the electrode mixture prior to drying can result in
electrolyte degradation during exposure to the aqueous solution. Specifically, the salt contained
within the electrolyte can react with water resulting in unreactive or lower performing reactants.

In an aspect, it has been surprisingly found that the solid polymer electrolyte of the present
invention can be used with an aqueous soluble binder without experiencing any performance
degradation, while producing a coherent electrode with excellent electrical communication with the

associated current collection. Additional details will be described in the following Examples.

Example 1 (Comparative Electrochemical Cell Example)

An electrochemical cell with a lithium ion graphite intercalation active material was
constructed generally according to the electrochemical cell description provided above in
association with FIG. 1. Details of the components and their weight percentages is provided in
TABLE 3. Carbon black included LiTX50 from Cabot. Natural Graphite intercalation material
included SPGPT803 from Targray. The binder consisted of Polyvinylidene fluoride or PVDF along
with a non-aqueous slurry of N-Methyl-2-pyrrolidone or “NMP” solvent. The resulting slurry was
adhered to a copper foil current collector and a coin cell was constructed. The cell was cycled and
voltage over time was graphed. FIG. 2 shows the resulting discharge curve over many cycles.
Graphite capacity per cycle was calculated during Lithium intercalation and deintercalation, as
shown in FIG. 3. FIGs. 2 and 3 demonstrate a significant capacity fade resulting in poor

performance after approximately ten cycles.

Example 2
An electrochemical cell with a lithium ion graphite intercalation active material was
constructed generally according to the electrochemical cell description provided above in
association with FIG. 1. Details of the components and their weight percentages is provided in

TABLE 3. Carbon black included LiTX50 from Cabot. Natural Graphite intercalation material
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included SPGPT803 from Targray. The binder consisted of a mixture of Carboxymethyl cellulose
or CMC and styrene-butadiene rubber or SBR in a ratio of 60/40 wt.%, along with an aqueous
slurry. Apart from the binder and associated solution, the electrochemical cell was constructed
following the same procedure as in Comparative Example 1. The resulting slurry was adhered to a
copper foil current collector and a coin cell was constructed. FIG. 4 shows the resulting discharge
curve over many cycles. Graphite capacity per cycle was calculated during Lithium intercalation
and deintercalation, as shown in FIG. 5. FIGs. 4 and 5 demonstrate repeatable cycling with little to

no capacity loss over numerous cycles.

TABLE 3
Example 1 (wt.%) Example 2 (wt.%)
Active Material: Natural Graphite 83% 83%
Electrically Conductive Material 2% Carbon Black 2% Carbon Black
Electrolyte: solid polymer electrolyte | 11% 11%
Binder 4% PVDF in NMP 4% CMC:SBR (60:40) in
water

FIG. 2, and FIG. 3 show graphical representation data from cycling of the cells described in
Example 1. In FIG. 2, the voltage per time is depicted with the voltage peaks of each cycle taking
place with decreasing frequency after about the first four cycles. The decreasing area under each
cycle also indicates decreasing capacity which is confirmed in FIG. 3, and which depicts the
capacity of the cell during charge (intercalation), and discharge (deintercalation). Specifically, the
capacity measured in mAh/g of active anode material is graphically depicted per cycle. Again, the
anode loses significant capacity in every cycle.

It is believed that the anodes are losing adhesion with the anode current collector, which
increases resistance. This resistance lowers the voltage and the associated capacity. The adhesion
loss is analogous to a hose being gradually clamped closed every cycle, with less and less fluid
being able to flow because of the reduced flow area. The anode electrode made with the non-
aqueous slurry and non-aqueous soluble binder does not provide adequate adhesion.

In Example 2, the goal was to improve the current collector adhesion, and thus prevent the
current restriction that occurred with the Example 1 (Comparative) cells. The cells from Example 2

were initially kept for 16 hours and the OCV was very stable over this time. The cells were then
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cycled at a C/7 charge-discharge. Referring to FIG. 4, the Example 2 cell first cycle efficiency was
76.2%, and the intercalation (graphite) averaged about 364-374 mAh/g. FIG. 5 shows the capacity
of the cell during charge (intercalation), and discharge (deintercalation) over the first ten cycles. No
capacity fade is shown, and a 99.6% cycle efficiency is demonstrated.

It is believed that the solid ionically conductive polymer electrolyte prevents water from
degrading the electrolyte. Thus, the combination of the aqueous binder and the solid ionically
conductive polymer electrolyte provides superior electrode performance while enabling the

elimination of a costly electrode manufacturing step.
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SOLID ELECTROLY TE HIGH ENERGY
BATTERY

STATEMINT REGARDING FIDERATLY
SPONSORED RESEARCH OR DEVELOPMENT

{(Not applicable)
BACKGROUND OF THE INVENTION

[ithium ien (and other) batteries generally employ a
liguid cleetralvte which s hazardous o humans and o the
cnvirenment and which con be suhjeet to fire or explosion.
[iquid electrolyie batteries are hermetically sealed o steel
or other strong, packaging material which adds w te weight
and bulk of the packaged battery, A new nuevation is the
pouch cell. which has been used in lightweight batterics. but
these have notl seen widespread acceptance.

Conventional liquid clectrelyvie also suilers from the
build-up e a solid nterface layver at the electrodeielectrolyvte
intertace which causes evental failure of the battery. Con-
vertional lithinm ton batteries can also exhibit slow charge
times on the arder of hours. Tn addition. the hatteries sufter
fremn o limied wonber of recharges sinee e ehemical
reuction within the battery reaches completion and liits the
re-chargeability hecause ol corrosion and dendrite forma-
tion. The Liquid electmlyte also limits the maximum chergy
density. The electrolyte sturts o break down at about 4.2
volts. New industry requirenents for buttery power are often
4.8 volts and higher which cannot be achieved by presem
liguid clectrelyvie lithinm ion cells. There have heen devel-
upments 10 both spinel structires and layered oxide strie-

tures whicl have not been deploved due 1o the lmitations of

e liguid electrolyte, Alsol lithium e battenies with liquid
clectrolytes suller fronn safety problems with respeet to
Hammahility of the liquid electralyvte.

In o conventional lithium on battery having a liquid
clectrolyte there 1s also o need for @ separator o the liguid
clectrolyie, The separater is & porous structure which allows
for wins to flow throngh it and blocks electrons fhom passing,
through it. The lignid clectrolyte battery usually requires a
vert W relicve pressure it the hotsing, and in addition, such
conventional batteries usually include sufety cireuitry o
winimize pelentially danperous ever-currents and over-1em-
peratures. FIGS. 1 and 2
reactions in such conventional lithivm on batteries.

show schematics and weneral

BREIEDL SUMMARY O THE INVENTION

In accordance with the invention. a lithium win battery is
provided which has a solid palvmer electrolvte. The solid
clectrolyvte enables u liphter weight and much sater archi-
lectlure by eliminating the need for heavy and bulky metal
hermetic packaging and protection eirentitey. The novel solid
polymer battery can be of smaller sive, lighter weight and
Ligher enerpy density than liquid electrolyte batteries of the
surne eapacity, The solid polyier buttery also beneflts from
less complex manuiacturing processes, lower cost and
reduced safety hazard. as the electrolyvte material is noo-
Hammable. The novel hattersy will also provide cell voltages
greater than 4.2 volts, The solid eleetrolyte cun be fornwed
to various shapes by extrusion (and co-extrusion). melding,
and other techniques such that different form factors can he
provided for the hattery. Particular shapes can he made to it
ity differently shapad enclosures in devices vr equipment
being powerad. [noaddition. the novel battery does et
require o separator. as with liguid electrolyte batteries.

I

o
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between the electrolvte aud electrodes. nor does the novel
battery require a vent. The weight of the novel battery s
stthstantially less than a battery of conventional construction
having similar power capacity. In some embaodiments. the
welpht of the novel battery can be less than hall the weiplit
ol a conventional batery,

The electrolyte material is o solid onically conductive
pulvimer which has preferably o semi-crystalline or erystal-
line stricture which provides g hish density of sites Tor onic
transpuort. The polvmer struciire ean he folded hack on tself.
This will allow for new battery fonmats,

According to one aspect of the invention. e electrolyle
is n the fenn el an onie pelviner il An electrode material
1s dircctly applicd to each surtace of the electrolyte and a fuil
charge collector or terminal 1s applicd over cach clectrode
surface. A light weight protective polvimer covering can he
applied over the wenuinals 1w complete the fihn based
structure, This thin filin battery 1s lexible and can be rolled
or folded into intended shapes o suit wnstallation reguire-
ments

According to another aspect of the invention. the electrn-
Ivte 15 in the form of an ilenic pelvmer monotilament
(hollow), Blectrode materials and charge collectors are
direetly applied (co-extruded) 1o cach surfuce of the elec-
trulvite ard a terminal s applied at cach electeode surtace. A
liuht weight protective polymer covering can he applied
over the enninaly o cowplete the structure, This fonm ol
battery 15 thin. flexible. and can be cotled into intended
shapes to sult installation requireiments. including very small
applications.

According to anather aspect of the invention, a solid
electrolyle can be molded in g desired shape. Anede and
cathede electrode materials are disposed on respective oppo-
site surtaces of the electrolyte w fonn g cell unit, Flectrical
terminals are provided on the anede and cathode electrodes
af cach cell unit fur intereonnection with other cell units G
provide a multl cell battery or for connection te o utilization
device.

In vet other aspects ol the inventwon. methods tor making
such hatteries are disclosed.

In all ui the abuve aspects ol the tnvention, the clectmde
materials {cathode and anode) can be combined with a fonn
of the nevel electrolyte material to further Lueilitate ome
muvemaent betweent the two clectredes. This 15 analogos o
a conventional liquid clectralyvte suaked inte each clectrode
material in g conventional lthivm-ion battery.

BRIEE DESCRIPTION OF TTE SEVER AT
VIEWS OF THE DRAWINGS

The foregolng summary. as well s the following descrip-
tion of the lnvention. 1s better undersicoed when read in
conjunction with the appended drawings. or the purpose o
ilustrating  the invention, exemplary  constructions are
shown in the drawings, The invention is not limiled, lovw-
ever. e specific methods und instroimentalities diselosed
herein,

EFICE 1 shows show a schematic of a conventional lithinm
ion hattery according o the prior art.

FIG. 2 shows reactions at electrodes in o conventional
lithivm ion battery according ke tlwe prior art.

PTG 3 exemplarily illustrates g method of the invention
meding steps for manutachiring a solid state hatlery using
an extriuded polymer.

FIG. 4 exemplanly  illustrates the extrusion  process
aceerding o the invention,
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FIG, & exemplanly illustrates o schenatic representation
of an embodiment according o the vention.

FIG 6 shows o schematic uf a solid polymer hattery with
polvethylene oxide according to the prioe art.

FIG 7 shows o dynainie seanning calorinetry plot show-
i the glass transition wemperature and melling wmperature
al polyvethylene oxide accerding W prior art.

FIG 8 shows the relativnship of wnic conductivity versus
temperatiire of teaditional amoerphous polvethivlene oxide
according 1o the prior an.

FIG 9 shows o schematie tlustration of aerphous and
cryslalline pelvmers,

FIG, 10 exemplarily shows o resulting tormula tor the
crystalline polymer of the present invention.

FIG 1T exemplarily llustrates a dynamic scanning calo-
rimeter etirve vl a semicrvstalline polymer.

FIG 12 exemplarily illustrates Tonnolations which were
lnvestisputed For use with the invention.

FIG, 13 exewplarily illustrates a chemical dispron of

2 3-dicvano-3.6-dichlomodicyanugquinone (1130

F1G
conduction uf the selid electrolvte pelymer according to the
Lventionn,

F1Gr 15 exemplarily illustrates o plot of the conduetivity
vl the wnically eonductive polymer according to the inven-
tion 10 comparison with a liquid clectrolyte and a polveth-
viene oxide lithivm salt compound.

FIG, 16 examplarily llustrutes the wmechanical properties
af the wonieally condueting film according 1o the nvention.

FIG 17 exemplarily shows o UTLed ammahility test
conductad un g pulvmer according to the inventuon.

F1G 18 exemplarily shows o plot ol volts versus current
af win ionically conductive pelyvmer uccording 1o the inven-
tien versus lithivim metal.

FIG 19 exemplarily illustrates a schematic of extrided
winically conductive clectrulyvte and clectrode components
according 1o e uvention.

FIG 20 exemplarly lustrates e solid stule batlery
gecording to the myvention where clectrode and electrulyte
are honded towcther.

FIG. 21 exemplarily illustrates a fingl solid state hatlery
aceording to the invention having g new and Hexible fonn.

DETAITLERED DESCRIPTION OF THER
INVENTION

The inventer has developed o non-Hamnable solid poly-
mer clectrolyte which is conductive at roum temperature and
can he used in any battery application. The material™s novel
conductivity  mechanism improves  energy density by
10-10ld and reduces buttery costs by up to 20%,.

bixisting solid stute polymers used for onie conduetivity
are basad on alkali metals blended with pulvethylene oxide
(P1Cy. The three primary limitations with PEO are its
lemperature lmilations, salety issues in commercial appli-
cations. and its manofacturability,

The [imited Temperature Ranae of PHEO,

PEO sccording 1o the prior art s conductive only above
the material’s wlass transition temperature (ypicallyi=507
00 below that temperature it i in o glassy state snd locks
conductivity, Above that temperature PECY exists 1o a visoo-
clastic state through which ions can conduct via chain
mehility. Accordingly. the current hlends of PEO with other
materials used 10 laborstory and commercial applications all
require hiph temperatures (=209 ) o achieve the state

necessary for the pelyiner o he reuctive. This high teipera-

14 exemplarily illustrates possihle mechanisms of
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ture limits the kinds ol applicutions P1CO can be used i
even with necessary salety precautions for thermal runaway.

The Flammahility of 1'HO.

P10 according ta the prior art are llammable. doe to their
volatile nature and high operating tanperature. Currently, o
battery utllizing PLICY as an electrolyle requires o hennetic
package arciund 11 to prevent thermal minaway. This adds an
expensive thermal management system, adds safety risk o
the end user. whiclh can prevent end vser adoption. and
creates o rigld. bulky structure which the battery manape-
ment system has w be designed arcund,

Mamuacturability of PLO Batteries.

Commercial PLO manufacturers currently sprav the poly-
mer onto the electrodes during manutucturing, This hateh-
scale process 1s inetlickent. and ereates an end produet that
is sttt thick, and costly 1o integrate into an end application.
Mureover, althungh PFCY has heen in oxistence for over 20
vears. 11 1s stll not commercially produced.

[igquid electrelytes cmbody many of the sume problems as
IPHEY as used inthe prior art: high cost. sadety coneerns. cost
and manutacturability challenges. poor mechanical propee-
ties and often a catse of performance degradation. The solid
polymer approach of the present invention selves the prob-
lemns assoeinted with liquid electrolyies and addresses e
limitations of PHO material,

The invention oflers three keyv advantages in its polymer
performance characteristics: (11 11 has an expansive tem-
perature range. n lab-seale testing. the erystulline polymer
desipn has shown high lonie conductivity both ot roow
temperature amd over a wide temperature range. (21 Tt is
mon-tlammeahle. The polymer self-extinanishes. passing the
U0 Plammability Test. The ability to operate at room
wnperature and tlwe non-lmumable characteristics deuwn-
slrate o transtormative sulety toprovement tlet eliminates
expensive thermal managemoent svstems. (31 10 oflers low-
cost bulk mamuacturing. Rather than spraving the polymer
ante electrodes, the polymoer material can he extruded into a
thin lilm via o rell-te-roll process. an industry steandard {or
plastics manulucturers. Alter the [l is extruded. it can be
coated with the electrode and charge collector materials W
build a battery “from the inside out”™ This enahles thin.
lexible fonm factors without the need {or hermetic packag-
ing. resulting o eusy intepration into vehicle and storage
upplications at low cost.

The solid polvmer clectrolyte ob the present invention is
bascd on a translormative material that creates @ new lonic
conduction mechanisin that provides o higher density of
sites lor fonic tausport and allows higher voltges o0 run
through the clectrolyte with no risk of thermal mnaway or
damave to ton transport sites from lithiation. This charoe-
teristic cuables o durahle clectralvte for higher voltave
cathede and unede materials o thin-ihn applications. result-
ing in higher enerpy densities for battenies in veluele uud
stationary storage applications. The ability W mn high
vultages through an electrolyte that 15 conductive, mechani-
cally robust. chemical and moisture resistant, and nentlam-
mable not vuly at romu tewperature. but over g wide runse
of teamperatures. will allow intepration of hish perfonnance
clectrodes withimu costly thermal and safety mechanisms
emploved by the industry todav.

Buatteries prepared using the polymer clectrolyle of the
present invention are cluractenized by o 10-lold energy
density improvement over current commercially available
clectrolvtes, as well as a performance range of =40° (1o
1507 €. with minimal conductivity dewradation. The poly-
mer electrolyvte cun be extruded by a process that proeduces
working polyiners at o thickness of G wmicrons. which enables
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twese traits in a thin-1ihn format under commercial maw-
facturing conditions at hateh seale. The polvmer clectrolyte
allirws the development uf new. high throushput, Tiw-cost
manifacniring lnes for soulid clectrolyte production. and can
be integrated inlo o variely of product lines. including
lithium and vine battery manulacture, In addition. the poly-
mer cleetrolyte s oot limited to use in batteries. bt can be
used in any device or composition that inclides an clectro-
lyte material. For example. the polymer electrolyte material
can be used n chemical sepuration provesses. sucly as tor the
separdlion of ions. o electrochromic devices. electrocheni-
cal sensors. and el cell membranes.

FIG. 3 shows a method of mamufacturing a solid state
battery using un extruded polyiner accerding o the inven-
tien, The material is compounded nto pellets, and tlen
extruded throngh a die o make Hlms of variable thicknesses.
The electrodes can he applicd to the film using several
technigues. such as sputllering vr conventional casting in g
slurry.

FIG 4 shows o method of manufuctunng of an ionic
polymer film according to the invention. which involves
heating the Hlm tooa temperature around 2957 OO and then
casting the {ihn onto @ chill roll which treeses the plastic.
The film ean be very thin. in the range of 10 microns thick
ar less, 1G5 shows oo schematic representation of the
architceture of an embodiment according o the invention.

Previous atlempts o fabricate polymer electrolvtes were
hased on o specific oneally conductive material whose
mwchiism was discoverad in 1973, The material is poly-
cthylene oxide (PEOL and the ionic conduction mechanism
15 hased vn the “chain mohiliny™ concept. which reguires the
polymer 1o be at g temperature higher than the glass tran-
sition tewperature, FIG. 6 shows o schawatie of o solid
poelvimer battery with polyethylene oxide secording to the
prior art. Included in FIG. 7 s o dynamic scanning calo-
rimetey (138C7) plot showing the glass transition temperature
(1,1 and the melting temperature (1,7 of PO,

e mechanism for ion transport invelves “motion™ of the
amorphous chains ghove the 1. Above this wemperature the
polymer s very “solt™ and 118 muechanical properlics gre vory
low. Tur application in lithinm won hatteries, teaditional
lithium 1on salts are used ay additives such as LiPF,. LiBE,.
or 1LiC1.0O,, Lithiom salts are @ source of 1ssues in conven-
tienal [1ien batteries such ay corrosion. reliability, and high
cost, PTG 8 15 a plot which shows the relationship of jonic
conductivity versis temperature ol trsditional amorphots
pelymer (PHOQ) seeerding we the prior arl, F1CG, 8 shows that
traditional anwrpheus polyimer (212000 does net have mean-
inglul conductivity at room lemperature.

The sulid polymer electrolvte according 1o the invention
has the following charscteristies: wnic conduction mecha-
nisin at room winperature. wide temperalure runge. ien
“hopping™ from o hiph density of alomic sites, and g new
means v supplving wns (lithinm or otherwise)

The invention uses a “cryvstalline or semi-crystalline poly-
wwr”, exeiplarily illustrated in FIG, 90 which typieally is
above o erystallinity value of 30%. aud Lus a gluss tronsition
lemperature above 2009 CL and g wmelting temperature above
2508 C. Added to this are compounds cortaining appropriate
wins which are in stahle form which can he modified after
croglion of the film. FICG 10 shows the meleculur structure
uf the erystalline pelymer. The molecular weight of the
monomeric unit of the polvmer is 10816 p/mul.

Typical componunds for jon sources include. bul are not
limited o, 11,00 THOHL and Zn0). Other examples are 10,
Al and the like, Additionally other additives may be
iluded 10 {urther enhance conduetivity or current density.

o
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such ay carbon naelubes or the like Afler the filin is
created. & doping procedire can be used. using an electron
acceptor. Allernatively the dopant can be “pre-mixed™ with
the initial ingredients and extrded withott post processing.
The purpose of the electron vceeptor is two-lold: release
ions for ransport mebility, and 1o create polar high deusity
sites within the polyiner o allow Hor lonie conduetivi

Nute: there 15 a clear distinction between electrical conduc-
tvity and xonic conductivity.

Tvpical materials that ean be used for the polvmer include
liquid erystal pelvmers and polyphenylene sullide (PPS). or
iy semicnystalline polymer with o erystallinily  index
preater than 30%. or other tvpical oxyaen ueeeplors, F1G, 11
exeriplarily  illustrates 2 dynamic scanning  calorimeter
curve of a semicrystalline polvmer. Tuble | of FFIGL 12
Mustrates exemplary Tormulations which were investigated.

Flecwron aceeplors cun be supplied in o vapor doping,
process. They can also be pre-mixed with the other ingre-
dients, Typical electron aceeptors suitable for use nelude.
but are not Timited b 2 3-dicvano-5.6-dichlorodicyanoqui-
e (3007 (CLCLN O as exemplarily lustrated in FIG.
13, Tetracvanocthylene (TONE] (C N, L and suliur rioxide
(SO0 A prelerred dopant 1s 120Q. und doping is preferably
pertfoenued in the presence of eat und vacuum,

FIC 14 shows possible mechanisms of conduction of the
sulid electrolvte polvmer according 1o the nvention. Charoe

carricr complexes are set up in the polvmer as a result of the
doping process.

bxtruded fihns huve been made o thickness ranges rom
0.0003" thick to 0.005", Surfuce conductivity measureinents
have been made. and the results are reported 10 171G 150 In
IG5 the conductivity of donically conductive polymer
according to the invention (A) s compared with that of
trifluoremethane sullonate PEO (1) and e liguid electro-
Ivte Celoard/(BCPCAR Fa) ). The conductivity of the
lenie polyiner aceording o the invention tracks the conduc-
tvity of the liquid electrolvte and far surpasses that of
trithwiromethane sulfonate PRO ot the Tower lemperatures.

FIC 16 shows the mechanical properties ol the wonically
conduetive Lilm of e invention whicl were evaluated using
[SPM [PC-TM-G30 Test Methods ManualZ 4183, [n the
tensile strength versus elongation curve of FI1G. 160 the
“duetile fathire” mode indieates that the material can he very
rerhitst.

Flammability of the polvimer was tested using a U194
e test. For o polviner o be ruted ULY4-%00 it must
“self-extinguish™ within 10 seconds and “not drip™ The
electrolvte was tosted fur this propeny and it was determined
that it self-extinunished with 2 sceonds. did oot drip. and
therefore casily passed the V-0 rating, FIGD 17 shows
pictures of the result.

In addition to the properties of lonie conductivity, lame
resistance. high temperature hehavior and woud mechanical
properties. iUs necessary 1wl the polymer materiul not be
subject o chemical reaction or attack by lithivin metal or
other active species of the electrode matenuls, The tradi-
tonal test tor attack by polymers hy lithinm is done by the
nse ol eyelie voltamumetry. This is a test where the polymer
is sundwiched between o lithivim metal anode and blecking
stainless steel electrode. A veltage 1s applied and 1t is swept
from a low value (~2 valts) up o a high value greater than
4 wolts. The current ontput is measured to determine if there
15 any significant reaction happening with the polvimer?
lithivm nwretal. Fligh output currents would indicate o elwemi-
cal reaction which is net desirable, F1G) 18 shows the result
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ol this study and indicates that this lonically conductive
palymier is stahle W at least 0 volts. The results showed good
high voltawe stability

The sulid polymer electrolvte according to the invention
15 able w0 acliove the fellowing properties: A) high ionie
conductivity at reom wemperature and trough o wide 1em-
perature range (at least =107 C0 e 40607 O B3] non-
Hammability: ) extricdability o thin films allowing for
reel-recl processing and a new way ol manufacturing: 13]
compalibility with Lithium metal and other sctive materials,
s invention will allew for the fubrication of a true solid

state battery, The invention allows for o new peneration of

batteries having the ollowing propertics:

Nor s foty issues:

Noew form factors:

Large increases i1 energy density: and

larse improvements nocost ol enerey storage,

1S, 190 20 and 21 show several elements of the solid
stute battery which are. respectively: A) extruded electro-

Al
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Ivte: 1) extruded anodes and cathodes: and C) linal selid
state hattery allowing for new torm factors and flexibility.

While the present invention has been described in con-
junetion with preferred embodiments. one of ordinary skill.

alter reading the forepoing specilication. will be able 0

eifeet varions changes, substitutions ol equivalents. and
other alterations W that forth herein. Ttois theretore
intended that the protection sranted by 1etters Patent hereon
be limited culy by the delinitions contained in the appended
claims and equivalents thereod

What is elaimed is:

sel

1. A solid, fonically conducting material having, an lonie
conductivity preater than 11077 Sdam al room temperature
and formed from a pulymer, an electron acceptor, and at
least one compound comprising an jon source. wherein the
pulymer is pulyphenylene sulfide and. and the compound is
LiO11.

2. The material of ¢laim 1. whereln the electron aceeplor
15 2. 3-dichloro-2.6-dicyano- 1 4-henzoquinone.

EE )
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8. 2015, provisional applicaiion No. 61411049, filed crystallinity grearer than 30%0; o glassy stare: and bath ar
on e, 32013, provisienal upplication No, 617622, least one cationic and wionte diffusing lon, wherein wich
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31.87%and 32.65°, II_iO and LiOH or LiC

Crystal Structure (™ 60%)
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FIG. 3B

Crystal Structure (T 60%)
LiOH and LiO peaks are gone)
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SOLID TONICALLY CONDUCTING
POILYMER MATERTAL

FIELLY OF THT INVENTION

[0001]  The present invention scenerally relates o polvmer
chewistry and particularly we solid polymer electrolytes and
thwir methods of synthesis.

BACKGROUNDY OF THE INVENTION

[0002]  The history of batteries has been cue of slow
prowress and ncremental improvements. Battery perfor-
mance. cost, and salety have historically been conflicting
goals, requiring tradecils which lmit the viability of end
applications such as erid-level storape and mobile power.
The demand for transtfonnational batteries lws reached the
level of national interest, driving a massive cflor to deliver
safe. clectrochemical enerpy storage with higher cnergy
density and lower cost.

[0003]  Alessandre Volta invented the first true hattery
which become 1o be known oy the “voltale pile™ This

cottsisted of pairs of vine and copper dises. piled o top of

cach uther separated by a layer of eluth or cardheard seaked
in brine as an electrolyte, This discovery. thougl not prae-
lical. pave nse e understanding, of electroclhwmical cells
and the mole of the clectrolvie.

[0004]
in liguid electrolyvtes which are hased v a porous separator
filled with o concentrated selution of salt, alkali or aeid in
waler or an organic solvent, These liguid electrolytes are
typically corrosive and/or combustible and. in many cases,
thermadyvnamically unstable with the electrode materials,
resulting 1n performance limitations and salery havards.
These challenges muke selid-state electrolytes enennously
attractive for battery development. Selid electrolytes can
provide substantial benefits such s non-leakage of the

Since Mol inventlors have created improvermetits

clectrolyte. more Hexible geometry. higher cnerey density
clectrodes, aud improved salety.

[O005]  Ceramies and glasses were the lirst solid matenials
10 be discovered and developed 1o hoave lonie conductivity.
Additional materials followed, but all of these materials all
have the characteristic that sufliciently high ionie condoe-
tivity 15 only available at very high temperatures. For
example. Teyota Japan has announced development work
using o new “erystalline supertonic ervstal”™ which s a
plassy coeramic T, GelLS. . THowewver, this material only
has high condnetivity above 140° €L and ceramics sutter
fremn the usual problems of manutacturability and brittle-
ness, The manuluetunng challenges with ceramics would be
particularly prohibitive tor the incorporation of the mwterial
it battery electrodes.

[0006]  Tnitial interest in polymer electrolvies was sparked
in 1975 by Professor Peter V. Wright's discovery that
complexes ol polyvetlylene oxide (PHO) con conduet metal
iony, Shortly atter that, Prodessor Michel Armand recop-
nized the potential use of PEO-lithium salt complexes for
hattery applications. The combination of PIO and lithinm
salty has been in development for o number of yeurs, An
example of this materal s a PEQ), LIBETT complex. For
the past thirty years, there have been numerous attempts w
improve the conductivity of Polvethene Oxide (P1O)-
(CTLOELON,, [n these PRO based materials. cation
whility 1s geverned by polvmer seemental motion, This
sepmental motion of PEOY s effectively a liguid-like mecha-
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nism but choin entanglenwnts and partial crystallinity can
zive the clectrolyte some bulk properties of a solid. How-
ever. scamental moetion s essential for PIO o be lonically
conductive.

(0007 Plasticized polyimer-sull complex are prepared by
udding liquid plasticizers inte PEOY inosueh o way that o
compromise between solid polvmer and liguid eleetrolvie
exists. The magnimde of ambient conductivity gets suhstan-
tally enhanced because sepnwntal motion is nereased. but
al the cost ol deterioration in e mechanical imeprly of tw
film as well as increased corrosive reactivity of polymer
clectrolvte towards the metal electrode.

[MON8] Gl electrolytes are ubtained hy incorporating large
et of liquid solvent(s) liguid plasticizer inte a polymer
matrix capable of fomming o gel with the polymer host
structure. The liguid solvent remains trapped within the
matrix ol the polvmer and forms a liquid condoctive path-
way through the otherwise non-condnctive solid polvmer.
el electrelytes ean oller high wubient conductivities but
suller from similar disadvantaees as mentioned  for twe
plasticized pulvmer electrolyies.

[MO09]  Rubhery clectralvies are acmally “pulvimer-in-salt’
syslems, incontrast o Ssall-in-polymer” in which, a larece
et of salt is mixed with g small amount of pelymer.
manely. poly(etlyvlene oxide) (P10 poly(propylene oxide)
(PPOL cte, The glass transition temperature of these mate-
rials can he low 1o maintain the rubhery or viscoclastic state
ul roomn lemperature which o turn provides hiph condue-
tivity by enluncement of seamental metion. However, the
connplexed/dissolved salts cun have o tendeney 0 eryvstal-
lize, henee, hampering their uses in practical cleetrochemi-
cal devices.

[0010]  Composite polymer clectrolytes are prepared sim-
ply by dispersing g small Fraction of miersnanosize inor-
vanie (ceramic)ioreanic filler purticles into the conventional
pulvimer host. The polvmer acts as a st phase, while filler
materials are dispersed in o second phase. As o consequence
of dispersal. the ionie conduetivity, mechanical stability and
the intertaelal activity can be enbuneed, The ionie condue-
tvity is attribited to the decrease in the level of polymer
crystallinity in the presence of the fillers. and the corre-
spunding increase in scamettal motion.

[D011]  Polvelectrolytes inelude charped aroups which are
covalently bended to the polymer backbone, which allow
opposite charged 1ons o be very mobile. The chareed group
15 fexihle via sewmental motion which 15 required for
cationic diffusivity.

[0012]  Other polyier electrolytes inelude Rod-Coil Block
polylmides (NASA researcly) and various polymerdliquid
blends (tonie lguid/PYDE-NHEPs). Unforunately, low con-
ductivity at roum temperature exceludes all of these known

pulvimer clectrolvies from practical applications hecatse of
their need {or segmental motion o enable lonie conductivity,
Sinee typleal polyiner electrolyte ionie conductivity relies
on sepmental motion above the material’s wlass transition
temperature {11 all attempts to make a usetul solid polymer
clectrolyte have been focused an suppressing the eryvstalline
pliase andfor reduetion of the temperature where the glussy
slate trunsitions e o state (e, viscoelastic or rubbery) where
senmtental mwtion s chabled.

[MO13]  In pulvmer-salt complexes where both erystalline
and amorphons phases exist. jon transport vecurs 0 the
wnrphous phase, The Yogel- Tunuman-Fuleher (% TF) equa-
tiom deseribes the beloavior of dittusion of ions through



WO 2019/126532

LS 20170005356 Al

pelymers. The ¥ TEF equation is bused on the assuimption that
wins are transported by the semi random muotion of short
polymer segments. The onset of such segmental motion
neurs ds the tewperalure is raised above the plass trausition
lemperature. e, and becouws more rapid as tw wemperature
s raised higher o the viscoclastic state. The seumental
maotions are thought to promote oo motion by both dismpt-
ing the solvation of the ion relative multiple coordination
sites en the pelymer and providing space or free volune into
which tlwe fon may diffuse, The et that polyviner seginental
motion s necessary for wn transpon has typically required
that such complexes focus on amorphous materials with low
alusy transition temperalures,

SUMMARY OF THI INVENTION

[0014]  According to oue aspeet. @ solid, ionically condue-
tive. polymer matenial is provided that comprises a crystal-
linity greater than 30%: a melling lemperature: o plassy
state: and hoth at Teast one cationic and anionic dilusing jon,
wherein eacly diftusing ion is mobile in the glassy state, The
wiatterial may lurther comprise a plurality of charge trans fer
complexes and

[0015] o plurality of monomers, wherein each charpe
transter complex s positioned on g mwnomer.

[0016]  In an aspect. o solid, semicrystalline. ionically
conductive. pelyvmer material is provided huving, o plurality
al momomers: o plueality of charge teanster complexes,
wherein cach charge transfer complex s positioned on oo
monomer. The material mey have a crvstallinity wreater than
30%h: o plassy stale which exists ul lemperatures below the
waterial melting temperature: and both o cationie and
anionic diffitsing wn. wherehy each diffusing jon s mohile
in the wlassy state

[0017]  According to further aspects of the solid, lonically
conductive. pelymer material. twe aspects of the material
may include one or mere of the oellowing:

[0018] The charge transter complex s formed by the
reaction of a pulymer and an electron acceptor:

[0019]  The material has o wlassy state. and a1 least one
cationic and at least one anionie diffusing on. wherein cach
ditfusing 1on is mobile in the ple slate:

[0020]  The material has at least three diflusing ons:
[0021]  The material includes more than one antonic dif-
sing .

[0022]  The melting wanperature of the material s greater
than 2507 (.

[0023]  The ionie conductivity of the material 1y greater

than 1.0x 1077 Sfem at room lemperatire:

[0024]  The material comprises a single coationie diffusing
lon. whereln the ditfusivity of the cationie dittusing ien is
areater than 1.0x107°7 s at rooimn anperature:

[0025]  Tle material comprises o single anionic diffusing
win. wherein the diffusivity of the antonie diffusing jon s
preater than 1LOx10 7 my’
[0026]  The maternial. wherein at least one catwonie dudlus-
g ion cowprises an alkall metal, oo alkaline cartl metal. o
Lransition welal, or g post transition welal:

[0027]  The waterial ineludes ot leust e anionic dittusing,
o per monemer;,

[0028]  The material includes at least one cationic diffusing
1011 T IIOLe T

[0029]  The material includes at keast one moele of the
cationic diffusing ion per liter material:

S al room temperatuee;
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[0030]  The churpe transter complex o the material is
formed by the reaction vl a polymer. clectron acceptor, and
an e compeund. wherein cach cationic and anienic
diflusing ion is g reaction produet of the onie compoeund.
[0031]  The material 15 fonned rom at least one ionic
compotind, wherein the onic compound comprises cach
cationie and anlonic diffusing o

[M032]  The material is a thermuoplastic:

[0033]  The material’s eotienie diffusing ion eomprises
lithium:

[M034]  The material’s at least one cationic and anienic

diffusing on have a ditffusivity, wherein the cationic ditfu-
sivity 15 greater than the unionte dittusivity:

[0035]  The material’s cationie tmmslerence number ol the
material iy preater than 0.5 and less than 1O

[M036]  The material’s concentration b catlonic diflusing
ion s greater than 3 muoles of cation per liter of material:

[0037]  The material’s cutionie diflusing len comprise
lithiu:

[0038]  The material’s diflusing cation is monovulent:
[M039]  The valence ol the diffising eationic on s greater
than vne:

[0040]  The material includes greater than one diflusing

anien PUT ITIOILIET

[M041]  The material™s diffusing anion is a hvdroxyl lon:
[M042]  The material’s diflusing anion s monovalent:
[M043]  The material’s diflusing anion and the diflusing

catlon are monovalent:

[0044]  The material’s at least one catlonic aud anienie
diffusing ton have a diffusivity, wherein the anionic diffu-
sIvity 18 greater than the cationie diffusivity:

[0045]  The material’s cationic tramslerence number ol the
material is equal w or less than 0.5, and preater than zero:
[0046]  The material™s at least cationic diffusing ion. Lus
diffusivity preater than 1Ox10 =77 m¥S:

[0047]  The material™s at least one anionic diffusing wn has
a diflusivity than 1Ox10 7 ™y

[0048]  The material’s gt lesst one anionic diflusing ion
and at least one cationie diffusing 1on has o diffusivity
greater than 1.0x10 7 m’
[M049]  Each mwnomer of the material comprises an an-
matic or heteroeyelie ring strueture positioned in the back-
boue of the monnmer:

[MO50]  The material Tuether incliudes a heteroatom incoe-
purated in the ring structure vr positivned on the hackhone
adjacent the ring structure:

[0051]  The material’s ineluded heteroatom 13 selected
trom the group consisting of sullur oxyeen or nitrogen:
[M052]  The material’s heteroatom 1s positioned on the
backbone of the monomer adjacent the ring structure:

[MO53]  The material™s heteroatom s sulbur
[D034]  The material iy pl-conjuguated:
[0055]  The material’s ot least anlonie diflusing lon per

monenner. and wherein at least one wmonomer comprises o
lithinm ion:

[0056]  The material comprises a plurality of monomers.
wlherein the weleculur weight of the menemer is preater
than 100 aramsanele:

[0057]  The material iy hydrophilic:
[MO58]  The ionic comdnctivity of the material is sotrople:
[M039]  The material has an tonic conductivity wreater than

1210 * Siem at room lemperatne:
[bO60] The material has an onie conductivity
1107 Sfcm at RO™ (.

areudter than
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[0061]  The material has an lenie conductivity preater thun
Ix 1077 Sfom at —407 -

[0062] The material’s catonic dillusing lon comprises
lithivm. and wherein the diffusivity of lithimn lon iy greater
than L0x10 77" s al roewn winperature:

[0063]  The material in non-flammable:

[0064]  The material is not reactive when mixed with a
seeuid material wherein the second material s selected from
g proup eewprising o electrochemically active material. an
clecirically conduetive material. a rheelogical modilying,
material, and a stahilizing material:

[0065]  The material s in the shape ol a {ilm:
[0066]  Tle Youne's medulus of the material is equal o or

arcater than 3.0 Mk

[0067]  The material becomes lenicully conductive alter
heing duped by an electron aceeptor:

[0068]  The material hecomes onically condnetive after
being doped by an electron aceeptor i the preseuce of an
ionie eompound that either contains both the cationie and
anionie diflusing ion or s convertible into both the cationic
amd anionie diffusing on via oxidation by the electron
acceptor:
10069

g base pelymer. electron seceptor and s lonie compound:

[0070]  The material’s base polvimer s a conjugated poly-
mer:

[0071]  The material’s base polymer is PPS or a lignid
crystul polvimer:

[0072]  The matenal’s ionie compound reactant 1s an

oxide. chloride. hvdroxide or a salt:

[0073]  The material’s charge transfer complex s formed
by the reaction of an eleetron aceeptor and g polyiner: and
[0074]  The material’s reactant electron aceeptor is a Qui-
LCLE OT GXYECLL

[0075]  Tn an aspeet, a solid, onieally conducting macro-
molecule and a material including the mocromolecule is
provided which 1y comprised of:
[0076]  u plurality of monomuers.
comprises an aronatic or heteroevelie ring structure:
[0077] & heteroatom either incorporated 1o the ring strie-
ture or positioned adjacent the ring structure:

[0078]  a cativnic and anionic dilusing . wherein hoth
e cutionic and unienie diflusing ions are neorporated into
e structure of the macromolecule:

[0079]  wherein hoth the cationie and anionie can diffuse
along the macromolecule:

[0080]  wherein there 8 no seamental motion in the poly-
mwer malerial when o cationie or anionic difluse along the
nrieremelecule.

[0081]  TFurther this aspect may include on vre more of the
fallowing:

[0082]  The material has an lonie condietivity greater than
L1t ' Siem.

[0083]  The molecolar weight of cach monomer is greater
than 100 wrams per mole:

[0084]  The material™s at least vne cationic diffising 1on
comprises an alkali metal. an alkaline carth metal. a transi-
e metul. or o post transitien metal,

[OD8S]  An aspect 1x o method of making o solid. lonically
conductive. pulvmer material. comprising the sieps oft mix-
ing a hase polymer comprised of a plurality of monomers. an
clectron acceptor and a Jonic compound 1o create a first
wixture: heating the st wixtore te create the solid. ioni-
cally conduetive. polyiner material.

wlereln each moneier

e materiul 1y Fonued o the reaction product of
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[D08a] A turther aspeet is @ method of making o solid.
wnically condnetive. pulvmer material, comprising the steps
all mixing a polymer comprised of a plurality of monomers.
and @ compound comprising ons e ereate o lirst mixture:
doping the first mixture with an electron seceplor W create
a second mixire: and heating the second mixture.

[MO87] A further aspect 1s g method of making o solid
onically conduetive. polvmer material, comprising the steps
ol mixing a polyiner comprised of @ plurality ol monomers.
and au electron ueceplor o create o lirst mixture: heating tw
first mixture o create an intermadiate material comprising
charge transfer complexes: mixing the intermediate material
with a compound comprising jons o create the solid, woni-
cally conductive. polymer matenal,

[DO8E]  Further aspeets of the methods of making a solid.
ienically conductive, polymer material may include one of
muore uf the following:

[M08Y]  An amncaling step. wherein in the anncaling step
the ervstallinity ol the base polyiner 15 inereased:

[0090]  The base pelviner coprises o plurality of mono-
mers, and wherein the molar ratie of mowner e electron
acceptor s equal o or greater than 1:1:

[M091]  The hase polymer has a glass transition lempera-
nwre, and wherein the glass transition temperature ot the base
polymer s areater than 80¢ O

[0092]  The weight ratio of the base polymer and the onie
compotind in the mixing step s less than 5:1:

[M093]  Positve pressure s applicd W the mixture in the
heating step:

[M094]  Tn the heating step, the mixtre undergoes 4 color
clianae:

[0095]  In the hewting step. churpe trausler complexes are
formed:

[M096]  An additional mixing step of mixing the solid

ionically conductive polymer material with @ second mate-
rial:

[0097]  An extruding step. wherein the solid. tonically
conduetive. polyimer material iy extruded: and

[M098]  Aniun conducting step. wherein the solid, lonically
conductive, polvmer material transports at least une on.
[M099]  Further aspects include: An electrochemically
uctive materiul composite comprising the material of previ-
ous aspects. and oo electrochemicully active material:

[0100]  An electrode comprising the material of previous
aspects:
[MI01] A hattery comprising the material of previous
aspects:
[M02] A fuel cell comprising the material of previous
USRS
[0103]  An clectrolyte comprising the material of previous
aspects:
[M04]  An apparatus lor conducting lons comprising the

material af ol previous aspects:

[M105] A process forconducting ons comprising the mate-
rial of previous aspeets: aud

[0106] A process lor sepuarating lons comprising the mate-
rial of previous aspeots:

[0107])  Tn a further aspect. a new lonic conduction mecha-
nism which enahles ionic condnetion in hoth the crvstalline
phase and the amorphous glassy state ol a polymer. which
crables o selid polymer material with the conductivity ol
ligquid at reean temperature:
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[0108]  And allows the creation of composite auodes and
cathodes containing  the pelymer and clectrochemically
gctive compounds for mereased capacity and cvele lile:

[0109]  Lnables the use of ahundant and kyw cost aetive
mterials: and
[0110]  Allows for a new hattery manufacture methods

using low cost. high volume extrusion and uther plastic
procassing techiigues.

[0111]  Tlese and other aspeets. features. advantapes. and
ubjeets will be further understood and appreciated by those
skilled in the art by reference W the fellowing specification,
claims. and appended drawinas.

BIRIEE DESCRIPTION OF THE DRAWINGS

[0112] 1 the drawings:

JO113] 16 1 3s a plot o g evele test of [ithiom [on cells
using LOO cathodes containing the sulid. wonically condne-
tive. polymer material:

[0114]  TIC 2 s a plot ol a discharge curve for xample 6
[0115] 116 3. 313 and 30 wre x-ruy diffraction plots
deseribed in Exwnple 9

[0116]  PIC 4 s a DSC plot deseribed in BExample 10:
[0U17] PIG. & 15 a plot of the measured conduoctivity
relative teperature as deseribed 1 Comparative Exanple
13.

[0118] 116, 6 iy a plot of the measured conductivity
relative temperature as deserthed in Comparstive 'xample
13

[0119] 116, 7 is @ plot of the measured conductivity for
sarmples ol the maenal deseribed in Dxanple 14:

[0120]  11Ck 8 1s a plot of the measured dillusivity relative
temperatire for samples ol the material described  in
Fxample 16:

[0121]  T1G 9 1y o NMI dittusivity plot tor o eomparative
witerial desenbed in Fxample 17:

[0122]  TIG 10 is 0 NME spectra of buse polyimer reactant
described in I'xample 18.

[0123] TTGL 1T s a NMR spectra of the material deseribed
i bocunple 18,

[0124] 110 12 1y o NMIR speetra of the muterial deseribed
i boacunple 18,

[0125]  TIGL 13 65 a NMR spectra of the electron acceptor
described in I'xample 18

[0126] TTG. 14A is o NMR spectrs ol the material
described in Exwnple 1%,

[0127] TG, 1413 15 a NMR spectrs ol the material
desceribed in I'xample 18.

[0128] T'1GL 15 s a NMR speetra of the material deseribed
in Example 19.

[0129] 1G5 16 is o praphic depiction ol s battery using the

wanterial s deseribed in Fxmuple 19,

[0130] T1G. 17 s o discharee curve of three batteries
described in I'xkample 20

[0131] TIG. 18 is a discharge curve for the battery
deseribed in Exanple 21,

[0132] TG 19 45w disclurpe curve lor the battery
deseribed in Exwnple 22,

HE
a5
iy

DETAILED DESCRIPTION OFF THE
PREFTRRED EMBODIMENTS

[0133]  The present patent application claims priorty from
LS Provisional Patent Application Noo 6271538841, filed

May 8 2015 and is o continuation-In-Part application of
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both (a) LS. putent application Ser. No. 14/539.430, iled
Dec. 30 2004 which claims priority from 118, Provisional
Tatent Application Nos 017911049, fled Dec. 30 2003 and
(b)) rom LS. patent application Ser. Ne 1308011700 diled
Apr 11020130 which elais priority frean LS, Provisional
Patent Application Noo 617622705 fled Apr. 11020120 the
diselusures of which are incorporated by reference herein in
their entiraty.

[M34]  The following cxplanations of lerms are provided
ey better detail the deseriptions of aspects. embodiments and
ohjects that will be set Forth inthis section, Unless explained
or defined vtherwise. all weehnical and seientitic terms nsed
herein have the same meaning as commaonly understoad o
one ol ordinary skill i the art 1o which this disclosure
belongs. [norder 1o facilitute review ol the vareus embedi-
ments of e diselosure. the ollowing explanatons ol spe-
citic terms are provided:

[M35] A depolariver s a svoonym of electrochemically
active stibstance. oo a substance which changes its oxida-
tion stute. or partakes in o onmation or breaking o chemical
bonds, in o clarpe-transter step of an electrochemical reuc-
ton and electrochemically active material. When an clec-
triscle has more than une clectroactive substances they can he
relerred 1o as codepolunizers.

[0136]  Thermoplastic is o characteristic of a plastic mate-
rial or polymer o become plinble or molduble above u
specitic temperatire oflen aroud or at its melting tempara-
tre and o solidify npon cooling.

[M37] Solid clectrolyvies include solvent free polymoers.
and ceramic compounds Tervstalline and plasses).

[M38] A -Selid” is characterized by the ability to keep its
shiape over an indefinitely long period. and iy distinguished
and diflerent rom g material inoa liquid phase. The atomie
structure of sulids can be either crvstalline or amaorphous.
Solids can be mixed with or be components in composite
structures, Flowever tor purposes of this application aud its
claims. o solid maoterial requires that that material be ioni-
cally conductive through the solid and wet through any
sulvent, wel or liguid phase, unless 1t is otherwise described.
Far purposes of this application and s claims. gelled (or
woet) polyimers and other materials dependent on liquids for
lonie conduetivity are delined as not being solid electrolyies
i that they rely ona ligquid phase foretheir ionic conductivity.
[M39] A polvmer is tvpically organic and comprised of
carbon hased macromolecules. cach b which have one ur
mure type uf repeating units or monomers. Polymers arc
light-weight. ductile. vsually non-cenductive and et at
relatively low lemperatures. Polymers cun be made inlo
products by injection, hlow and vther molding processes.
exlrsion. pressing. stamping. three dimensional printing.
machining und other plastic processes, Polvmers typicully
have o plassy state at temperatures below the glass trunsition
wnperature Te, 'This gluss temperature is a function o chain
flexibility. and vceurs when there s enough vihrational
(thermall cnergy in the svstem 1o create sudlicient free-
voalume 1o permit sequences ol scements ol the polymer
macromolecule W move weether as g unit. Flowever, in the
elassy state vl a polvmer, there s no segmental muotion of the
pulvimer

[M140]  Polymers are distingnished from ceramics which
are defined as inoreanic, non-metallic materials: typieally
connpounds consisting ol metals covalently bonded 10 oxy-
ven. nitreaen or carbon, brittle. strong and non-condueting,
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[0141]  The glass transition. which oceurs in some poly-
mers, 15 a midpoint lemperature herween the supercouled
liguidd state and a glassy stale as a polymer material is
cooled, The thermodynamic measureinents of the plass
transition are done by measuring a physical property of the
palymier, e volume, enthalpy or entropy and other deriva-
tive propertics as g Junction of tempersture. The glass
transition tempaeratire s ohservad on stich a plot as a break
i the selected property (volunwe of enthalpy) or from o
chanpe in slope (heat capacity or thennal expansion coel-
ticient] at the transition temperature. Lpon cooling a poly-
mer from ghove the T to below the Te. the polvmer
nrlecular mehility slows down until the polyviner reaches ity
alussy stule.

[0142]  As o polvmer can comprse both wnerphous and
crystalline phase, polymer crvstallinity s the amount oi'this
crvstalline phase relative the anwount of the polyvmer and is
represented as o percentage. Crystallinily pereentage con be

caleulated vid x-ray diffraction of the polyiwer by analysis of

the relative areus of the amorphous and erystalline phases.
[0143] A polvmer film is generally deseribed as o thin
portion of polymer but should be understood as equal 1o or
less thun 300 wicrometers thick,

[01d4] [ is important e uote that te ionie conductivity is
different from electrical conduetivity, lonic conduetivity
depends an jonie ditfusivity, and the propertios are related by
the Nernst-Binstein equation. Tonic conductivity and wonic
ditfusivily are both weasures of onie mebility, An lonie is
nwshile oo material i ity diffusivity in the material iy
pesilive (greater than serod or 1L contributes to o positive
conductivity. All such ionie mobility measurements are
taken gt room wemperature (around 217 ¢, unless otherwise
stated. Ay lonie mobility is alfected by wanperature. it can be
dithienlt e deteet ul low temperatures. Pguipment detection
limits can he a tactor in determining small mohility amounts.
Maohility can be understood as diffisivity of an jon at least
Ix10 " m?s and preferably ar least 1x10 ° m/s, which
bl comnnunicate an lon iy mobile i weterial,

[0145] A solid polyviner ionically condueting meaterial is o
solid that comprises a polymer and that conduocts tons as will
he further described.

[0146] An aspect of the present invention includes o
wwethed of synthesizing g selid ionically conduetive polyiner
waterial fromm at least three distinet eomponents: @ pelymwer.
a dopant and an lonic compound. The compenents and
method of synthests are chosen for the particnlar application
uf the material. The selection ol the polymer, dopant and
tonie compound may also vary based on the desired pertor-
e ol the materal, For example. the desired compenents
ardd method of svathesis may be determined by optimirzation
ub o desired phvsical characteristic (e g, jonic condnetivity ).
[0147]  Synthesis:

[0148]  The method of synthesis can also vary depending,
ot the particulur components and the desired fonn of the end
material (e, film, particulate. ete), However, the metled
includes the basic steps of mixing ot least two ol the
components initiallv. adding the third component in an
optional seeond mixing step. and heuting the components?
reactunts to synthesis the selid ionically condueting polyimer
material ina heating step. Inone aspect of the invention. the

resulting mixire can be optionally formed into a flm of

desired size. T the dopant was not present in the mixture
produced 1o the Arst step. then it can be subsequently added
1o the mixture while heat and optionally pressure (positive

63

PCT/US2018/066849

Jan. 5, 2017

pressure or vacuum) we applied. All three components can
be present amd mixed and heated 1o complete the synthesis
al'the sulid lonically conductive polymer material ina single
slep. Flowever, 1his heating step can be done when in o
separate step lrow any mixing or can completed while
mixing is being done. The heating step can be performed
repardless vl the form of the mixtuee (e {ilm. particulate.
ete.] Inan aspect of the syathesis method. all three compa-
nents are wixed and then extruded ino g film. The filhn s
heated e complete the synthe
[M149]  When the solid ionically conducting polvymer mate-
rial 15 synthesived, o color change occurs which can he
vistally ohserved as the reactants color s a relatively light
colorn and the selid ionically condueting polynwer material is
u relatively durk or black colorn It is believed that this colar
chatge vceurs as charge transfer complexes are heing
torned. and can occur wradually or quickly depending vn the
synthesis method.

[0150]  An aspect of the method of synthests 1s mixing U
base polvmer lonic compeund and depant together and
heating the mixtire in g second step. As the dopant can he
in the was phase. the heating step can he performed in the
presence of the dopant, 'The mixing step cun he perlonmed i
an extruder. blender. mill or other equipnwnt typieal of
plastic processing, The heating step can last several hours
fep. twenty-tour (247 hours) and the color chanpe is a
reliable indication that svnthesis s complete or partially
conplete, Additional heating past systhesis does not appear
e negatively atteet the waterial.

[0151] 1o an wspect of the syuthesis method. e base
pulvimer and onic campound can he fest mixed. The dopant
15 then mixed with the pulymer-ionic compuound mixmre and
hegted. The healing ean he applied 10 the mixture during tw
second mixture step or subseguent to the mixing step.
[0152]  1nanother aspeet of the synthesis metlisd, the buse
pulvimer and the dopant are fest mixed. and then heated.
This heating step can he applicd after the mixing vr during.
and produces o color change indicating the onuation ol the
cligrpe transler cowplexes aud the reaction between tw
dopant and the base polvmer. The jonic compound is then
mixed W the reacted polymer dopant material to complete
the formation of the solid jonically conducting polymer
maternial,

[0153]  Typicul methods of adding the dopant are known o
those skilled in e an and cun inelude vapor doping ol o tilin
containing the pelymer and lonic compound and wther
doping methods known o those skilled in the art. Tpon
doping the solid polyimer matenial becomes ionically con-
ductive. and 1t 1s believed that he deping acts 1w activate the
onic components of the solid polvymer material so they are
diffusing ions.

[N154]
above described mixtures during the inital mixing steps.
secondury mixing sleps or wixing steps subsequent w lwat-
inw. Such other components inclide but are not limited to
depolarizers or clectrochemically active materials such as
amcle or cothode active materials. electrically conductive
materialy sueh as carbons, rhenlogival apents such as binders
or extrusion alds (eg. ethylene propylene dieue mwnomer
“EPIMT1 catalysts and other components useiul o achieve
the desired physical propertics of the mixnire.

[M55]  Polymers that are uselul as reactants in the synthe-
sis of the selid oncally conductive polymer material are
clectron donors or polymers which can be oxidized by

15,

Onher non-reactive compuonents can be added to the
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6
clectron aceeplors, Semi-erystalline polymers with o crys- The heteroatein can be located direetly on the backbone or
tallinity index greater than 30%. and greater than 20% are bonded o a carbon atom which s positioned direetly on the
stujtable reactant polymers. Totally crvstalline polvmer backhone. In buth cases where the hetcroatom s Tocated on
materials sueh as liquid erystal polymers (“1.CPS™) are also the backbone or bonded 10 a curbon atom positioned on the
uselul us reactant pulymers. 1LOCPs are wotally erystalline and backbone. the backbone aton is positioned on the hackbone
therefore their ervsiallinity tdex is hereby defined as 100%. adjacent to an sromatic ring. Non-limiting examples of the
Undoped conjugated polymers and pulvmers such as polv- polymers used in this aspect of the invention can be selected
Teet e n hy - d - e H 1IN Wl - v e el
phenvlene sultide *PIPS7) are also suitable polymer reac- tram Eh[" group including PPS. Pely(p ph‘““}l“?‘-' _“?‘K!‘“}
Gty “PPom™. LOPs. Polyether ether ketone ("PHEK™).
lants. A i S -
~ - el Jectricall et Polyphthalamide (*PPA™L Polypyrrole. Polvaniline, and
|Ul‘.16| ! T }'ll}ut.’ Lir)t.)l‘y}plw l} Im.l Llu'lmi'd } t.,ou( 1\”“[1}.[)‘:': Palvsulfone. Co-polvmers including muonomers of the listed
gur “'M,IHR_L' ¥ 111'g111 } : E 15 © ;"t’lr.“"d w]uL uetivity ol _1 ()b] polymers and wmixtures of twse polymers wmay also be used,
S em 7' Non-cleetrically conductive pulvmers are suitable : . : s
; vt LA € polymers are s - l'or example. copelyiners of p-hvdroxybenzoic aeld can be
reactant pulvimaers. : S y o
il pulymers uppropriale liguid erystal polyiwr hase polyiuers. Table 1
[0L57]  Tn an aspect, polvimers useful as reactants can details non-limiting examples of reactant polvmers uselul in
possess Al aromatic or heterocvelic componett i the back- the present invention alony with monomer stencture and
hene of euch repeating monomer group. and a heteroatom sone physical property infennation which should be con-
cither ineorporuted in the heteroeyelie ring or positioned sidered also non-limiting oy polyiers can take muoltiple
along the backbune i a position adjacent the aromatic ring. forms which can alleet their phvsical propertics.
Tanili 1
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TABLE L -continued
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[0L58]  Dapants that are usetul as reactants in the synthesis TARLE 2

vl the solid wonically conductive polymer material are clee-
tron acceptors or oxidants, Tt is believed that the dopant acts Teman el St

o release lons for lenle transperl and mebility, and 1t s
believed 1w creotwe o sile analopous oo charge transler
complex or site within e polvmer 1o allow for lonic
conductivity. Non-limiting examples of usetul dopants are

ol N0, 0

quinoes such as: 2. 3-dieyvano-5.6-dichloradicvanogquinane

(LN OL S also known as =1THY™. and tetrachloro-1.4- Ol It
benzequinone (C 01000 also kuown as chlorunil. telracya- Il
necthylene (C,N,) also known as TONLL sullur triexide
(507 ozone (triexyeen or O3 exyeen (. including
alr). transition metal oxides neluding manganese diexide
Mn0,7) or any suilable electron aceeptor, cte. and com-
hinations thereot. Dopants are those that are temperature

stahle at the temperatires of the synthesis heating step are
uselull and gquinenes and other dupants which are hoth
lemperature stuble and strong oxidizers quinones are most 0
uselul, Tuble 2 provides o nen-limiting listing of dopants.

alomp with their chemical dingrams.
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TARLE 2-continued

Lo Sostoe

i Metald
CFrivdizates et visaer g o i legille were 1 lael
[0159]  [onic compounds that are uselul oy reactants in the

svtithesis of the sulid wonieally conductive polvmer material
arc compuunds that release desired 1ons during the synthesis
ulb the sulid meally conductive polvmer material. The wnic
compound 15 distinet T the dopunt o that both an ionie
compound  and o dopant are reguired. Non-limiting
exanples nelude 110, TIOFL Zn0. 110.0 AL, NaOFLL
KO, TANG . Na, O MO, Cal'l,, MaCl AL, TITEST
{lithium bis-trifluoromethancsulfonimide), TAFST (T.ithinm
bis{Huoresultonylimide). Lithium bis{oxalato)borate (013
(0,03, ), LB and other lithium sults and combinations
twreol. Hydrated fonms (e.g. monohydride) of these com-

pounds can he used to simplify handling of the compounds.
Inorpanic oxides. chlorides and hydroxide are suitable onic
compounds in that they dissociate durmy synthesis to create
at least one anionic and cutienic diflusing ion, Any such
innie cotnpound that dissociates o ereate gt least ene anionic
and cutionic diflusing ion would similarly be suituble, Mul-
tiple o compounds can alse he usceful that result in
multiple anwnic and cationic diffusing ions can be preferred.
The particular jonic compound included 10 the synthesis
depends on the utility desired tor the material, Ior exmuple.
1 an application where it would be desired o have a lithium
cation. a [ithivm hydroxide. or g lithdun exide convertible to
a lithium and hydroxide ion would be appropriate. As would
he any lithium containing compound that releases both g
lithinm cathode and a diffusing anion during svithesis. A
nen-limiting proup of sueh lithivm lenie compeunds
ineludey those used as lithimn salts in organie selvents.
Similarly, an aluminnn or etler specitic ionie copound
reacts to release the specific desired on and a diffusing anion
during syrthesis i those systems where an aluminum or
uther specific cation s desired. As will be further demon-
stroted. lonie cernpounds including alkaline metals, alkaline
carth metals, transition metuls, and post transition metals in
& lorm that can produce both the desired cationic and anionic
diffusing species are appropriale as synthesis reactant wonic
cotnpouds,

[0160]  The purity of the materials s potentially important
soods o prevent auy unintended side reactions aud w
maximize the ellectiveness of the syuthesis reaetion to
produce o highly conductive material. Substantiolly pure
reactants with generally high purities of the dopant, hase
polymer and the jonic compound are preferred. and puritices
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preater than 98% are mere prelerred with even 1
purities, . TG ww.0%h, T3 =98%,
FI0% mst preferred.

[0161] Lo further deseribe the utility of the solid ionically
conduetive pelyimer material and the versatility of the above
deseribed method of the svnthesis of the solid lonically
comcluctive palymer material of the present invention, sov-
eral elasses vl the solid jonically conductive polviner mate-
rial wseful for multiple electrochemical applications and
distinguished by tieir application are deseribed:

[M162]  Lathium lon Batteres

[0163]  In this aspect, the reacting or base polvmer is
characterived as semierystalline or fully crvstalline and
having u crystallinity value of between 30% and 10084, and
preferably between 30% and 100%. The base polymer has o
plass rausition temperdature ol above 807 O and preterably
abuwe 1207 Cand more preferably above 130% Cand most
preferably above 2007 O The hase polvmer has a melting
taperature of above 2509 CLLand preferably above 2809 ¢,
wid merre preferably above 3209 O The molecular weight of
the monomeric unit of the hase polytmer of the invention is
in the 1O0-200 vl range and can be wrester than 200
emimal. Typical materials that can he used for the base
polymer ineclude liquid ervstal polymers and polyplenylene
sullide alse kuowi as PPS. or seini-crystulline polymer witly
acrystallinity index greater than 30%, and preferably preater
than 0%,

[0164]

such &

igher
and Chloranil:

In this aspect. the dopant is an eclectron acceptor
2. TONEL ehleranil and sultur tnexide (8033,
The electron aceeptor cun be “pre-mixed”™ with all other
muredients and extruded withowl post-processing or alter-
natrvely, a doping procedure such as vapor doping can he
used to add the electron aeceplor W e composition aller
other compenents are mixed such s i an extruder and
tormed inte o il

[M65]  Typical compounds ineluding an jon soree or
“lonic componnds™ for use i this aspect of the invention
include. but are not limdted 1w 11,0, LiOWL Znc). 10,
ALOL LITESL and other lithinm lonie compounds and
cownbinations thereol’ The lonie compomws contain appro-
priate ons i stable foem which are modified to release the
wons during synthesis of the solid. onicolly conducting
polymer muterial.

bixaple 1

[016a]  PPS and chloranil powder are mixed in o 4.2:1
molur ratio {hase polymer wonemwr to depant ratie preuter
than 1: 17 The mixture is then heated in araon orairat o high
temperature |up o 3507 O for tweaty-tour (247 hours at
alimesspheric pressure. A color clunge 1s ehserved coulinm-
ing the creation ofcharpe transler complexes in twe polymer-
dopant reaction mixture. The reaction mixture 5 then
reprouted g small averape particle size hetween 1-40
micrometers. TITIST s then mixed with the reaction mix-
ture e ereate the synthesized solid, lenteally conducting
polyimer material.

Example 2

[0167]  Lithinm cobalt oxide (TIC00,00T.C07 cathades
woere preparcd containing the svnthesized material rom
Ixample 1. The cathodes used @ high loading of 70% 1.0°0
by weleht which is mixed with the solid ionically conductive
polymer material and an electreally condueting carbon,
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Cells were prepured using lithium metal anodes. porous
polypropylene separator and a standard [i-ion liguid clec-
trolyte compuosed of LiPFO sall and carbonate-hased sol-
vertls, The cells were asseinbled in o dry glovebox and eyele
lested.
[N168]
[.CO used in these cells s displaved in FIC 10Tt can be seen
that the capacity was stable when charped o 4.3 3V and
consistent with the target of 005 equivalents of [1 removed
lrenn the cuthode during charging, The cell was alse eveled
10 4 higher charge woltage of 4.5%, which utilizes a higher
percentage of Iithium from the cathode. and resulted in the
ligh capacity af =140 wAlde, The slight drop in capacity
with evele nmuber observed for the 4.3V charge tests iy
conslstent with decomposition (Le. non-stable) of the lguid

clectrolyte at this high voltage. Overall, the performance of

the 1O cathede containing the material of the present
invention 1s laverably comparable woa slurry coated 1.00
cathinde,

[0169]  Alkaline Batteries

[0170]  The base polymer of the solid. jonically condueting
polymer material having mohility for hyvdroxyl jons s
preferably o crystalline or semi-erystalline polyiner. which
typleally has o cryvstullinity value above 30% und up 1o and
ineluding 100%. and preferably hetween 30% and 100%.
The hase pulvmer of this aspect uf the invention has a glass
transition temperature above 80° O and preferably abowve
1200 C.oand more preferably above 1307 O and moest
preferably above 2009 O Tl base pelyvmer has o melting
temperatire of above 250° O and preferahly above 280° O
amd more preferahly above 300° 7.

[0171]  The dopant of the solid. lonieally condueting poly-
wwer material having mobility for hydroxyl ions 1s oo clee-
tron aceeptor or oxidant, Typical dopants lor use in this
aspect of the invention are 19130 chloranil. TONE, 803,
Onevgen (including Aird, MnO),; and other metal oxides ete.
[0172]  The compeund ineluding an ion source of the selid.
ionnically conducting polymer material having mobility tor
hvdroxy] jons ineludes o salt. a hvdroxide, an oxide or other
material containing hvdroxyl lons or convertible to such
materials, inclnding. b not lmited w. TOHL NaOI L KO,
[0 LING L ele,

lxample 3

10173 PPS polymer was mixed with the lonie conpound
L0 menehydrate in the proportion of 67% o 33% (by
wi. ) respectively. and mixed using et mulling. 1130 dopant
wus added vig vapor doping o the resulting mixture in the
amount of 1 molke o 120Q per 4.2 wmeles af PPS moenomer.
The mixtire was heat treated at 190-200° O for 30 minutes
under moderate pressure (200-1000 18T

[0174]  Cuomposite M), Cathode

[0175]  Inthis aspect of the invention related e manulue-
lre of 4 solid lonically condueting pelyiier wwlerial
M), compusite cathode the hase polvmer can be a semi-
crystalline having a crvstallinity index greater than 300 or
a fully crvstalline polymer and can he selected from a group
which consists of o conjugated polymer or o polymer which
cant easily be oxidized with o selected dopant. Non-limiting
cxamples of the base polvmers used in this aspeet of the
ivention include PPS, PP PEEK, PPA ele.

[0176]  Tnthis aspect, the dopant 1s an clectron acceplor or
oxidant, Non-limiting exanples of dopaits are 110Q, ¢hle-
ranil. tetracyancethylene also known as TONFL 50 . orone.

The capacity in terms of the weight 1 grams of
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exrypel. din transitien uwtal oxides. ineluding Mu,. or any
suitahle clectron acceplor. cle.

[0177]  In this aspect. the compound including the on
souree 18 @ sall. o hydroxide. an oxide or other material
containing hydroxyl ons or convertible o such materials,
inchiding. but not limited w, TIOH, NaOTL KOIL T120.
TINGA, ete

bacnnple 4

[0178]  PPS pelyvmer aud [OH monohydrate were added
troether in the proportion af 67% to 33%, (by wi.). respec-
tively, and mixed using jet milling, Additional alkaline
hattery  cathode  components were  additionally  mixed:
MnO, Bi0; and conductive carbon. M), content varied
from 0 10 80w %o, B0, ranged Trom 010 30 w1, %, carbon
black wnount was 3-25 wit % and polyiner/L 101 content
wirs 10-30 wt %

[M179]  The mixture was heated to syathesize an alkaline
hattery cathade comprising the sulid onically conducting
polymer material whicl s uselul in o typieal zine-manga-
nese diexide ulkaline battery.

Fxample 2

(0180
ated nsing the cathade of BExample 4 and 8 commuoercial
non-woven separator (INKK) Zn foil anode. and 63 [IOE]
sulution as an electrolyie,

[M&B1]  The cell was discharged under constant current
concitions o 0.5 mAem? using a Bio-Logic VSP 15 test
system. The specific capacity of MnO2 was found 1o he 303
mAhig or elose 1o theoreticul 1 e- discharae.

[0182]  Metal Alr Battery

[M83]  In this aspect. the solid wnically condncting poly-
mer material is used na metal air battery. and comprises a
base pulvmer. a compound comprising an ton source and a
dopunt. The pelymer can be selected {rom the group PPS.
L.OCP Polypyrrole, Polyvaniline, and

Aovinc-manganese dioxide alkaline cell was cre-

[MB4]  Polyvsulfone and Other 3ase Polvimers.
[MB85]  The deopant may he an clectron acceplor or com-
pound  containing  finctional  clectron acceptor  groups

capable of initiating an oxidizing reaction witl the polyviner,
Typical dopants are [12Q. chlorunil. TONTL 8O3, ozone.
and transition metal vxides, mchuding MnO2, The material
comprising wn source can be in g form of salt. hydroxide.
axide ar other material containing hvdroxyl jons ur convert-
ible to such materials. ineluding. but not linited 1o, [0
NaOIL KOFL 1120, LINOA. ele.

Example 6

EL
prepare air electrodes by mixing the solid wnically condne-
tive polyvmmer material with o variely of carbons  Specifi-
cally: TIMCAL SUPER 45 Conduetive Carbon Black
["451 Timeal SFGH fsynthetic wraphite). AS303 carbon
black from Ashbury. and namral vein geaphite nano 99 from
Ashbury (INU9) Carbon content was varied from 15 1o 25%,
wil. %

[0187]  Cutherdes were punched o 1ita 2032 coineell. Ziue
foil was nsed as the anode. Non-woven separator was soaked
with aguevus 40% KOIT sulttion. Two holes were drilled in
the coin top facing the cathode. Cells were discharpe at roam
tewperature using g MTT eoin cell tester at o 005 mA constant
current.

The material svithesized 1n Bxample 3 was ised to
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[0188] Cathode parwmeters and test results are surmina-
rized in the Table 3. Discharge curves are sturwn at FIG. 20
The cells with the air cathode of this example using the
wtterial of the present invention demenstrate typical dis-
charge behavior lor Zn-uir cells without any truditional
catalvst {transition metal based) added to the mixture. In
addition o conducting hvdroxy] ons from the air cathode to
the anode. the material acts o catalyze the formation of the
lvdroxyl dens from the oxygen present at the cathode

surlace, As demonsiried by this exmuple. the wmaterial ol

the present invention posscesses catalvlic functionality.

TABRII A
[ 4 Tomils Wi A
1
[0189] Orther Tonic Compounds
[0190]  Numerous antons and cations can he condocted by

e matenial of the present invention, The wonie conpound
used in the synthesis can be chosen se that the desired
diffusing ions are ineluded in the syathesived material.

Ixample 7

[0191]  Material samples were made by mixing TOP poly-
SRIT9007| and an lonie compound 1 varlous propor-
tions, [Q was vsed o dopant, Molar ratio ol polyviner
monomer W dopant was 4.2:10 15 listed in Table 4. Mixtnres
were heat treated at [90-200 ¢ tor 30 minutes under
moderate pressiee (200-1000 psi).

[0192]  Samples were sandwiched between stuinbess steel
clectrodes and placed I test fixture, AC Impedunce was
recorded 10 the range from 800 KIlz 1o 100 Ty using
Bio-Togie WA1* test system o determine the clectrolyte
conductivily.

[0193]  Results are shown in Table 3 below, Hiph observed
1onie conduetivity demonsirates that the solid polyvmer mate-
rial can conduct multiple wns. including lithium 117, potas-
sium K°. sodium Na'. calcium Ca™'. magnesinm My™'
aluminum ALY hydroxyl OH and chlorde €1 ions,

11T

TARLL 4

Loz Socoee WL e Cunduciivay 08 e

[0194]  Any wnic compound that can be disassociated by
the dopant can be used as long as the dissociated jons are
desirable in the applicable electrochemical application the
witterial 1s used in. The anion and cationik derived frew the
winic compoutd are thus ionically conducted by the mate-
rial. The wnic compeund include oxides, chlorides, vdrox-
ides and other salts. Tn this example the metal {or other
cation) oxides vield the metul {or other cation) catien and
lvdroxyl inns,
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[0195]  Ability e eonduet o plurality el ions in additien o
the lithium cation opens new applications for the material of
the present invention. Sodinm- and potassinm-hased eneray
stordge systems are viewed as altenwitive o Li-ion, driven
primarily by low cost and relutive abundunce ol the raw
materials. Caleinm. magnesium and aluminum condnctivity
s necessary for multivalent interealation svstoms, poten-
tally capable of inereasing enerey density hovond capabili-
ties of [1-lon batteries. There 1y also o possibility o il
such materials W eredale power seurces witl nwtal anodes,
mure stahle. safer and less costly than lithinm.

Fxample 8
[0196]  Addional solid donically conductive  polymer
materials are listing in Table 5 which were prepared using
the synthesis wethed of Exauple 1. along with their reac-
tunts and wssociated lonie conductivity (FIS method).

TARIE 5

2atimer

Thased o Cungnzd (9

12

TAHLEL

RN

[M197]  Additional selid tonmieally condoetive  polymer
materials are listing in lable 6 which were prepured using
the synthesis nwthod of Exauple 30 along with their reac-
tunts and associnted ionic conductivity (HIS method).

TARIE 6

T

Conyze.

Ticy:
Tics?
Lty
ity
Lity:
Lity:
ity
Lty
Ticy?
Tics?
Laty:
Tics?
Lty
Lity:
ity
Lity:
ity
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[M98]  The [.OPs listed in the Tahle 6 were sourced rom
Solvay under the Xydar tradenmne. and are 1LCP grades witly
diflerent meling weinperatures,

[0199]  Physical propertios of the solid lonieally conduct-
ing pulvmer material:

[0200]  The physical properties ol the sulid ienically con-
ductive polymer material can vary based on the reactants
used, The specific 1on mobility and anionic and cutionic
diffusing ions are derived from the material synthesis:
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Liewever other plivsical propertios appeur o et be sipnili-

cantly altered relative the reactant polymer.

Ixumple ¥

[n201]
[0202]  The reactants PPS, TINQ and TIOH from xample
3 was used o compare the relative plyvsicul properties of the
reuctant polymer and the synthesized solid onieally con-
ductive pelymer waterial,

[0203] Tn a first step. the PPS reactant and the TA0T
maonohvdride were mixed and analyzed via x-rav diffraction
{XRID™ [ FIG, 3AL the XRD of thiy amorphous polyiner
mixture shows peaks hetween 30 und 34 degrees that
correspond o e LIOH monohydride, Othens ise that XRID
shows that the polvmer s amorphous and lacking any
significant erystallinity.

[0204]  The mixtre is extruded and deawn into a film. The
Leating, of the PPS polyimwer via an extruder o this step
anneuls (heating and hoelding at an appropriate wemperature
below the melting point Tollowed by slow cooling) the
amurphois PPS material while extrnding the material into g
filtr. thus creating or increasing erystallinity, In FIG. 3B,
twere is shown signifleant erystalline polymer peaks thut also
can he used ey quantify the erystallinity of the PPS material
at about 60%,. The peaks of the T1OH monvhvdrde remain.
[0205] The tilm mixmre s then vapor doped with the
D dopant o create the solid onically condnetive paly-
wwr nlerial of the present invention and the correspanding,
XRD is shwwn in FIG. 300 A color chinge is observed
during duping as the material tirns black after heing doped.
This color change indicates that the ionic charge transter
comiplexes are being formed, the polvmer and dopant reac-
tants huve reacted in the presence ol the lenic compound.
and the wmaterial has been wetivated 10 become lonically
conductive. The polvimer peaks remain and indicate that the
degree of erystallinity of the material remains at about 60%
and theretore unchanged. However, the LIOH monelvdride
peaks have disappedred and are not repliced by ay other
peaks, Tle conelusion drawn is that the 1onie compound hus
disassociated into s componat cation and anions and these
s are now part of the materia] structure.

Crystallinity

[0206] Glass Transition and Melting Point Temperature
Faxcnple 10
[0207]  Althumgh there are many techniques for determi-

nation of the melting, temperature and Te ina bulk or thin
film poelymer saple, differential scanuing  calorimetry
(RO and deseribed in ASTM 127426 (20131 provides a
rapid test method for determining changes in specific heat
capacity 1 a pulvimer material. The glass teansition tem-
perature 1y manilested as o swep clange n specific lwat
capaeily.

[0208] Relherring we FIG, 4, there 1s shown a 150 plot for
the synthesized material from Bxample 1 The melting point
uf the material [PPS-Chlormnil-TITEST| are derived via TISC
and determined to net be different from the reactant polyiner
PrS: T around 300% . The base pulyimer glass tronsition
temperantre Ty 15 between 80- 1007 O however, in the TXSC
plot no Ty inflection appears and 1t 15 belicved that upon
syiithesis, the solid jonically conductive polymer material
loses ity viscoelustic state which wus evident in the PPS base
pelymer and the pla state extends below the wemperature
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range helow the material melting tanperature, [ s believed
that the dip in the plot at 1307 CU s an artifact of the onic
computind.

[0209]  lonic Conduetivily

[0210]  lonic conduetivity of the solid ionically conductive
pulvimer material of the preseat invention are measieed and
compared relative cottventional electrolyvtes. The material of
the present invention was found o be wnically eonductive
ul armblent conditions wlile in the plassy state. whereus the
reaetant polyiner was ionically insulative, As the material is
in the wlassy state, there cannat be any associated segmental
mation, therebure the diffusion of the lithinm cation and the
anten must be enabled via a different ion conduetion mecha-
nism i which sepmental wetion s not required.

[0211]  Specilically, films of the solid, ionicully conducting
pulvimer materials of the present invention as deseribed in
Ixample 1 are extruded 1n thickness ranging upwards from
D003 tnehes (7.0 micrometers), The ienic surlbee conduc-
tvity of the fihns is weasured using o standard test ol
AC-Ilectrochemical Impedance Spoctroscopy (HIS) known
o those of ordinary skill 10 the an. Samples of the solid.
wnically conducting polvmer material film are sandwiched
between stulnless steel blocking electrodes und placed na
eyt dixture, AC-mpedowe was recorded I the range ki
BO0 KITz 1o 100 Ty using o Bws-Logic W81 test system o
determine the material tonic condnetivity. In-plane and
threngh plance jonic conductivity was measired by using the
Bio-lLogic by placing the materiul film o au appropriate jig.
Tlirough plane conductivity was measured at 3.1 1074 S/
and in-planc conduetlivity was meastured at 352107 Siom.
These measurements were similar enough to consider the
material solropic relative lonie conduetivity,

[0212]  Material from Example 1 was used tomake o lihin
ol about 120 micrometers in thickness, lectronie condue-
tvity was directly measured vig a potentiostatic experiment.
The tilm was place hetween two stainless steel hlocking
clectrodes. and a 0028 % voltuge was held across e elee-
trodes, Current was nweusured at 180 nano Amps vielding an
electrical conduetivity off 2.3510% ohin em” at room wm-
perature. This clectrical conductivity {area specific resis-
tance] is low and below 1.0x10 7 Sem at room lemperature
wlhich is sullicient for an electrolyie.

[0213]  Thermopravimetric analysis of the waterial rom
Ixample | was conducted to determine the water content of
the material. Adter storage of the material in a dey atmo-
sphere ulove box, the thermoegravimetric analvsis was con-
ducted and showed the maternial contains =35 ppin waler,
Certain salts (egs LIOH ws an lonie compound) used as
reactants for the sulid jonically conductive polvymer material
attract atmospheric water and thus can render the material
hydrophilic.

Ixample 12

[0214]  The wodulus of the synthesized material of
Lxample 3 was tested. The range o Young s modulus lor the
clectrolvte made from this specitic solid polvmer material s
A 340 GPa. However the range of Young™s modulus for the
materials listed inthis application is much larger and spans
trom 3.0 MPa te 4GP The synthesized material remains a
thermuoplastic, and can be refurmoed nsing plastic processing
technigues. The material of Fxample 3 was heated in excoss
of its melting point and then allowed o cool. The material
wits then refonned nto a filn. Thos the material is shown o
buth luve o high modulus and e be thennoplastic.
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Comparative Example 13

[0215]  The results of the lonie conductivity mweasurementy
as reported in Bxample 1 oare illustruted in FIGE, 5 and 6.
The conductivity of solid. jonically conductive polvmer
material {ilm according o the invention (A} Is compared
witli that ol ritlueromethane sullonate PHEO( ) and a liguid
clectirolyvte made up of o [1 salt solule aud an ethylene
carhonate  propylene carbonate 120 PCT combination sol-
vert using a Celuard separator (3.

[0216]
e solid polymer ionically conductive mateniul as o lunction
al temperature 1s displayed. Also show are meusured 1onic
conductivity uf hoth a lignid electrelyvte BCPC with TAPIFO
salt with a Celgard separator and o PEO-LITEST clectralvite.
The conductivity of the solid leneully conduetive polyier
nitterial at room temperature is about 2.5 orders of wmagni-
tude higher compared to PEO-LITISI electrolytes and com-
parable to the conductivity of o conventional liquid electro-
Ivtedseparator system maeasiired in similar conditions. The
lemperature dependence of the conductivity for the solid
ionteally conductive polymer matenial does not display a
sharp increase ahove 15 glass transition lemperature, asso-
ciated with chain mubility, as descrihed by Vogel-Tamman-
Fuleher behavior activated by temperature. Therelore. sep-
ment] movenrent as e on-conduction mechanism in the
pelymer electralyte material 1s not cecurnng s the material
displavs significant wnic conductivity while in its plassy
state. this that the
pelvmer material has o shmilar level of lonic conduetivity
relative e ligquid electrolytes.

[0217] In FIG. 60w ionie conductivily of the solid
wnically conductive polymer material i1s compared 1o hoth
the conventional liquid clectrolyte. comparative example
lithium phesphoreus oxynitride “LIPONT aud relative 1005
largets lor conductivity and temperature.

[0218] Referring to FIG. 513 the onie conduetivity of the
solid onically conductive polymer material s greater than
Ix10 " Siem at oom emperatire (ahout 21° C30 ahout
L 10 ¥ S at ahout =30° O, (and greater thun 110 3
Séenn and preater i 1x 107 Séem at ubout 80° ¢

Furthermaore, demonstrates nventive

Fxample 14

[0219]  The wnie conductivity can he optimized by adjust-
ments to the material formulation. 1G0T shows improve-
wwents and eptimization of onie conductivity that lave
resulted from adjustiiments 1o the polymer waterial Formuola-
tion e, changes in hase polvmer dopant or onic com-

pound.
[0220] Diffusivity
[0221]  [n addition o ook conduetivity. diflusivily 1s an

nnportant intrnsic quality of any electrelyte and lonically
condietive material.

Fxample 15

[0222] Diffusivity measurements were conducted oo the
material created in Fxample 3.

[0223]  lundamental NMER technigues was used 1o unam-
bigucusly identify Li+ as o free flowing ion in the solid
winically conductive polymer material. NMR s clement
specific (op. 11 Ti O 1L Poand Co) and sensitive W small
changes i local structure.

10224]  Specifically. the diffusivity of lithium und hydroxyl
inns was evaluated hy o pulsed pradient spin eche (PGSET)

Referring to FIGL 5 the measured conductivity of

12
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lithivm NME method. The PGSE-NMR measurements were
made using 4 Varian-5 Dircet Drive 300071 T spectrom-
cler Magic angle spinning technigque was usad W average
oul chemical shitl anisotropy aud dipolar ieraction. Pulsed
vradient spin stimulated echo pulse sequence was used lor
the self=diffusion (diflusivity) messurements. The measire-
ments uf the self-diffision coeflicients for the cation and

anion in cach material sample were made using "1 and 713
nuelel, respectively, The NMR-determined  sell-diflusion
coellicient s a meusure of random thermally induced trans-
lational metion akin o Brownian motion, where there 15 no
external directional driving force. THowever seli-diflusion is
closely related (o lonie webility and onie conduetivity viad
the Nerst Finstein equatien aud henee 1s an inportant
parimeter o measure when characterizing battery electro-
Ivtes. When one has both jonie condoctivity and diffusion
danta, it 15 possible to ascertain the presence of 1on pairing or
higher agprepation elleets that limit the perlonnanee ol tw
cleetrolyte, These tests concluded that the solid polymer
lenically conductive waterial. has o Li7 dilfusivity of 5.7«
10" m¥%s at room temperature. making it higher than
PECGTITEST ar 907 O and at least an order of magnimde
higher than L1, GeP S, (iweasured at hish temperatures),
The solid leuteally conductive polymer material cun thus act
as o new solid eleetrolyte with the unigue ability to condnet
multiple wns. which can difluse and be moebile and 1o
provide sufliciently high onic conductivity for batteries and
otlwer applications at room wmperature.

0225]  The difusivity of the Q17 fon was 4.15107°" m*s
at oo temperature. Thus, the solid jonically conductive

5

pulvimer material has a very high diffusion rate for a solid
O conducter, The comresponding cation transierenee num-
ber (delined in equation (1) below), 1s 0058 L which s also
significanly hiph and different {row prior art selid electro-
Ivtes,

Ixample 16

[0226]  Diflusivity measurements were conducted on the
matenial created in Bxwnple 1 |PPS-DDOQ-LITESLL Sell-
diffusion was measured vsing e technigue set forward in
I'xample 13 The material cation ditfusivity 12 (11 of
0.23%10 7 m™s at room temperature. and the anion ditfu-
sivity 12 ('HD of was 0.45%10 7 m%s at room temperaiure.
[0227] 1o order w determine e depree ol ion association
wlich would decrease the conductivity ol the material. thw
conductivity ot the material 15 caleulated via the Nernst-
Linstein equation, using the measured diffusion measure-
ments. 11 was determined the associated caleulated condue-
tivity t be much areater than the measured conduetivity,
The difference was on average ot least an erder of mapnitude
for 10x). Theretore, it 15 believed that conductivity can he
improved by improving ton dissociation, and the caleulated
conductivities can be considered within the rnge of con-
ductivity,

[0228] The cation transierence nunber can be estimeated
vig equation (11 from the ditfusion coctlicient data as:

P

N

wlwre 1+ and 13- refer to the ditfusion ceellicients ol the [
cation and TS anion. respectively. From the above data.
ane abtaing a t+ value of about 0.7 1 the solid lonically
conductive polvmer material as compared t+ ofabont 0.2 in
the corresponding PHO electrolyie (liguid carbonate elee-
trolytes alse have t+ values of about 0.2). This property of
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gl eation transterence nunber has iimporta implications
1 hattery performance. Ideally one wonld prefer a t+ value
of 1O, meaning that the T ions carry all the cleetric current.
Anion mobility results o electrode polarizuation ellects
which can limit buttery perlonmance. I wmaterials where
hoth jons can be mobile. t+ values of 0.5 or wrester are
highly sought though very rarely achieved. The ealeulated
transference numher of 007 35 not helieved o have heen
ubserved 1 any liguid er PHEOY based clectrulyte, Although
ion asseciation may alleet the caleulation. elecirochemicul
results contirm the transference number range of hetween
065 and Q.75

[0229] Tt 15 believed that the t+ s dependent on anion
diffusion as lithium cation diffusion is high. As the catien
diffusion is preater than the correspending anion ditfusion
the eation transference number s always above 005, and as

the anion 1s mehile the cation transference mumber must also
he less than 100 Tt is belicved that a survey of lithinm salts
as lonie compounds would produce this range of eation
transterence numbers areater than 0.5 and less than 1.0, Ay
a comparative example. sume ceramics have been reported
tr have high diflusion numbers. however such ceramies unly
transport a single len. theretore the eation transference
nunber reduces o 1.0 as the 13- 15 vero,

10230]  Althougl the trunsference numbers are being cul-
culated from NMR derived diffusivity measurements. alter-
native meatts uf caleulating teanstercnce can he achioved by
direet methods such as the Broce and Vineent wethod., The
Bruce and Vineent mwethods was used o0 ealeulute the
truns ference number of the solid lonically conductive poly-
mer material and gowd corrclation was fonnd relative the
NMR derived measurement.

[0231] Relerring 1o PG, 8 show g oresult of dittusion
nrasurements the selid onically conductive pelyimer mate-
rial ever o lurge wemperature range. and compared o PHEO
cottaining [UTEST as the won source. The muost impaortant
conclusions are: (17 at temperatures where hoth compounds

cun be meusured. the L1 diflusion 1s nearly two orders of

magnitude higher inthe selid polymer ionicully conductive
material than in the PEO TITEST polymer electrolvite: (10) the
diftusion cocthicients in solid polvmer jonically conductive
material are measurcable down o at least —43°% L g very
lowy temperature for [ ditfusion o be measured in any solid
waterial - specilically the lithium fon ditfusivity Is preater
than Ix107 m%s. This superior (onic conductivity perbor-
mance uf the solid onically condoctive polvmer material at
low temperatires surpasses that of repical liguid hattery
clectirolyvies. 1t s also noteworthy that the NMR spectra
lemperature  dependence suggests  that on motion s
deconplad Trom the polvmer in that it does not rely on
polymer scgmental motion and instead cnables significant
onie diffusion in ity plassy state. Thus there is demonstrated
a sulid, lonlcally conduetive. polyier material having a
crystallinity greater than 30%: o glassy stater and botl a
least une cationic acd anjonic diffising won. wherein at least
one (i this aspect buth didlusing wons) diffusing wn s
mwebile in the glussy state.

[0232]
[0233]  The cation diflusivity of LTiPON 15 taken {rom
“Structural Characterization and L dynamics i new [ PS8,
ceramic ion conductor by selid-state and pulsed-fickd ara-
dient NMR”. Mallory Guovel. Steve Crreenbaum, Chengedu
[y and Guyarl Saju. Chemistry o Metals (2014). An
experimental method 1s used similar to that set lorward in

i

Compuarative Ixample 17

13
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Ixample 15 and 16, and o diflusivity curve 1s sel forward 1o
FFIC 9. It was determined TiPON has a cation diffusiviee T2
CLiy el 0.534x10 "7 ms ar 100° ¢ This diffusivity is about
eighty times smaller than twe difusivity of the material of
the present invention at mnbient wmperature (217 CU).
[0234]  Chemicul Structure of the Materiul

[M235]  Bxperiments are conductad o determine informa-
ton ahout the chemical structure of the solid lonically
conducting polyier material.

[023a8]  bPixmuple 18

[0237] 1o this Vxwnple. the matenal syuthesized in
Ixample 3 15 studied along with its reactant components
PPS and 1I1Q and 11O monohydride

[M238]  The reactant vor base polyner PPS 1s Hrst analvrzed
and referning 1o FIG 10 a preton { 11) NMR spectrum ol
I'PS iy characterized by o single peak centered at 0.8 ppim.
relative to a letramethylsilane (TMS™) spectroscopic stan-
dard. This s a clear indication ol aromatic hvdrogen. as
expected o the structure of the polymer, Tl proton selid
state MAR NMR spectnnn of PPS polyiner was taken on o
300 MLz instrument, Asterisks denote spinning sidebands.
and the inset shows expanded resolution.

[0239]  Relerring to FIGL 11 the TTNMR spectrum of the
sulid lonically conduetive polvimer material (top). willy
spectral deconvelution inte OF-type protons (middled and
aromatic protons (hottom), The spectrum confinms arsnatic
hydrowen and hvdroxides. The proton solid state MAS NMR
spectrum of material s taken oo 300 My instrument.
Asterishs denete spiining sidebands. inset shows expanded
resolution. Spectral deconvolution e OFF and base poly-
mer protons s shown in the inset as additional experimental
spectrum. Because NMR spectroscopy is gquantilative (as
long as coare was taken not to saturate the signall direct
integration of the spectrul peaks pives the proportion of
nuelel in g particular phase. The results of this intepration
shows that the material possesses greater than one muobile
O ton per repeat group aromatic and contains about two
LiOH melecules per polyimer repeal unit {moreiwer). which
is o very high ion concentration. The narrow O] sipnal
shows high mebility of the O jon.

[0240]  Additional stmctueal information can be ubtlained
by Carbon-13 solid state MAS NMR, which is enabled hy
the ~1% nantral abundance of 7 Cross polarization (CP)
1s utiliwed. whereby nearby protons are resenated simulta-
neausly with the ¢ nucled i such o way as o tramsler
nuclear magnetization vnto the “rare”™ spins o enhance
detection sensitivity, In FFICG. 120 the PIPS pulymer spectrmm
is depicted under both direct polanization. where all twe
carbons participate in the signal (hottom) aud O (top).
wlere only those direetly bonded to lydrogen participate,
The differcnee spectrum (middled thus corresponds to car-
bun honded to sulfure

(0241] Relerring to F1G. 13 which displays the O spuec-
trum MAS NMR spectrun of electron acceptor coipound
tuken on g 500 Mz instroiment by direct pelarzation. with
propusad  spectral assiwnments of the electron acceptor
DI, Beeause there s o hvdrogen in this molecule. the
spectnum was dequired under direet detection. Because of
very long spiu-lattice reluxation times (likely nexcess of 1
minute), the signal to noise ratio 15 rather low. Assipnments
for the vartous peaks are indicated in FIC 13, The appear-
ance of six distinet peaks as opposed to the expected four
[eorresponding w0 four chemically inequivalent carbons)
suapests the possible presence of 1somers.
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[0242] The *C solid state MAY NMR spectrum of the
solid wnically conducting polvmer material taken un a 500
MI Tz instriment hy direet polarization is shown in FIG.
14, indicating o shifl i the main peak (dominated by the
arinatic carbon) in poing rom the PPS o the onically
cotducting material. The CP spectrum in the middle of the
inset sugeests that the PPS polvimer s strongly interacting,

with the O gromps of the TIOHL BExpanded scale specten of

beth the nwterial aud 1203Q electron aeceplor are cowpared
i I 1443, showing that there hays been o chemical reaction
in the material that ohscures the original spectral signatures
af the reactants.

[0243]  This NMR analysis clearly shows that the three
distinet reactants have reacted 1o torm the solid onically
conductive polvmer muteriul o the present nvention. A new

material has heen tormed. which is not merely a mixture of

its constitients. There 15 a reaction hetween the three com-
penents and the solid polyviner ionically conductive material
is 1w reaction product. [n particular. there is o shift in the
CONMR peak between the base polymer and the syntle-
sived material. Furthermaore. the effect of simultancous irea-
diation of the 'TT resonance of the hydrouen associated with
O und "C resonmee shows that the dons have been
lworporated nte the structure. se all three distinet compo-
nents have reacled and are part of the new synthesivzed
material.

Fixenple 19

[0244]  Quantilication of the ¢ation {e.g. lithivm k) con-
centration in the material o Pxanple 3 can be aecom-
plished by inserting the material e an inlerior codxial wbe

and having 1t surrounded by an external reference solution of

a shill reagent complex such as lithinm Dysprosium poly-
phosphate (13y). Referring to FIG, 15, a shill in L1 cation
resondnee 1s indueed by the parmnagnetic Dy which allows
the quantitication of lithinm in the sample. In the measured
sample. the lithiom cation concentration was found 1o be
about three moles por liter of material (|13 mole1). This
larpe concentration of cation enables e solid Ionically
conductive maternial o possess very high lonle conduetivity
at room temperature and over o wide temperatire range.
[0245]  Material Stahiliy

[0246] T.gquid clectrolvtes and uther polvmer clectrolyvies
cant suller from lithiom stability Issues. Their interaction
witli lihivw results in g reaction between the lithium and the
clectrolyte which s disadvantageons for hattery life. An
clectrolyte also needs 1o be compatible and non-reactive
when used with other battery components such s electro-
chemically active materials ineluding, intercalation materi-
als. electrically conductive additives, rheologival agents and
ather additives. Tn addition, ot high voltages, above 4.0

Yolts. tvpical clectrolvtes can simply  decompuse which
apain results in poor battery life, [ithiom “stahility™ is thos
g requireiient lor g pelviner electrolyte, Specilicully. the
palymer clectrolyte s non-reactive and does not decompuose
while transporting lithium metal ar voltages abuve 408,
45V and 5.0%

[0247]  Relerring 1o FLG, 160 a thin film battery construe-
tien 10 1s displayed. An auode comprises lithivm metal 10
with an associated current collectar {not shown ). or an anode
interealation material typical uf lithinm jon hatteries. I an
intercalation material 1s chosen, the solid onically condue-
live polyimer material is intermixed therewith, A cathode 30
comprises both o cathode collector (et shewn) and an
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clectrochemically active material or interculation material,
Apain the solid onically conductive polymer material is
mixaed therewith alony with an clectrically conductive mate-
rial. A film of the selid ioneally conductive polymer male-
rial 18 used s o oseparulorelectrolyte 40 and interposed
betwoeen the anode and cathode.

[0248]
[0249]  The solid ienically conductive polymer material
demaonstrates compatibility with a wide varicty ol current
lithiv len chemistries. Referring to G, 17 pertermanee of
batteries constructed aceording o FIG) 16 and  lubeled
according o the associated cathode electrochemically active
material. Specifically. batleries were constructed  with
Libebtd,. LiMu, O, and LiCo0y, cathodes. and lithinm metal
unodes, The batteries construeted with waterial of e pres-
el invention. which was mixed with electrochemically
active material in the cathode, used as an clectrolyle W
conduct lithinm tons o and fram the anede and cathode and
demenstrates appropriate discharge pertonane:,

[0230] By using the selid polymer material as an electro-
Ivte 1 all hattery structures or in one of the structures
(anade, cathode, separator and clectrolvte) new levels of

Fxample 20

performance can he achioved withour the nse of any liguid
cleetrolyle. The material can be ntenuixed with an electro-
chiemically aetive matenial or an intercalation wmaterial in at
least one of the clectrodes. Tons necessary in the electro-
chemical reaction ol the hattery are conducted throueh the
electrolvte. The material can be in a particnlate. shirry, 1ilm
or other form oy befits the use o battery, As o film, the
material can be interposed between electrodes or between an
clectrode and a current collector, pusitioned cncapsulating a
current collector ar electrode. or positioned anvwhere where
lenie conduetivity 1y required. As described 1n PG 16 all
three major cowponents of a butlery ¢un be made using the
solid polyvmer material, In the aspeet shown n I 16, the
film shaped electrodes and the interposed separator or clee-
trlvte can he independent structure e be athixed o each
other by thenmal welding or other mwans of inteprating,
thermoplastic lils,

Ixample 21

[0251] A eathode was manufoetured with [OCY eneapsu-
lated by material from Bxample 1. The cathode was parred
with a lithium metal anode and a (lm ol the material was
interposed between the anede and cathede as desenbed o
the construction of FI1G 16, The assembled battery wus then
charged and discharged through a plurality ot eveles. FIG.
18 shows the resulting discharge curve over many cyveles.
[0252]  Thecharge-discharge curves show almost oo polar-
leation. and the efficiency 1 at least 99%, This result
demenstrates the polyviner’s functionality as the tome truns-
puort medinm within the cathode and also its ability o serve
as the electrolyvte in a solid state battery. Also important s

the voltage stability of the clectrolvie while operating over
teur (4,03 Yolts to 4.3% and e 5.0V stubility with lithinm
metal. and stability trausporting lthiom al raes in excess ol
100 mAhf (specifically at least: 1335 mAh/w lithium).

I'xample 22

[M253]  ATIS hattery is constructed which includes lithinm
metal anode and g sulfur cathode made in the construction
deseribed m FIG. 16, Muaterlal {ron Example 1 s used in
making the battery. Traditionally. lithiom-sultur systemns
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luve strugpled to overcouw low evele like coused by the
dissolntion of sulfur reaction chemical intermediarics in the
liguid clectrolyvte tvpical of such batteries.

[0254]  The selid polymer material aets o enablea i S
system by limiting this dissolution of reaction intermediates
by capturing them in g solid system. The solid polyimer
material can transport lithinm wons while blocking the poly-
sultide fon from reaching the anode. The solid polvmer
waterial ity the selubility of sulfur particles and transpert
ol sullides. thereby enabling more o lwe sulfur we participate
in the reaction and improving the capacity of the cathode.
This improved capacity relative o hattery comprising
standard cathode containing onlv sulfur and carbon is shown
i IM1G, 19, Apain, 1t is portant e note that this data was
laken at roem temperature. The solid polyiner material does
not enable *indiseriminate diffusion™ typical of liquid clee-
trolytes and some tvpieal polvimer clectrolvles it instead
only enables diflusion of the ions that are incorporated into
e nuterial during syuthesis, Tlws sullides cannot difluse
and are instead non-lenteally conductive much like any
uther win other than the diffising antondsy and cation(s].
Thus the material can act as an lon separation membrane in
that it can be engineered 1o enable ion mebility for only
selected lons.

[0255]  Solid Polymer Flectrolyvie

[0256]  As described the solid wonically conducting poly-
mer material acts as a solid electrolvie. As a solid electrolyie
it obviates the need for o separator. hut many of the same
separdior properties are required of aosolid electrolyte.
[0257] A seporutor is @ len penmeable membrane placed

hetween a battery™s ancde and cathuode. The main funetion of

g separator 5 W keep the two electrades apart o prevent

clectrical short eircuits while alse allowing twe transport of

lonie charge carrlers that are needed to close e eircunt
during the passave of current in an clectrochemical cell. This
separation and lonic transport operalions are required in all
hatleries.

[0258] A selid electrolyle mwst also be chemically stable
apainst the electrode nwierials under the strongly reactive
cnvironments when the battery is repeatedly Iully charped
and discharped. The separator should oot degrade during
normal and abnormal uses of the hattery. OF particular
nuportanee 1y voltage stability over the range of vollage
ereountered during churge and dischurpe,

[0259] A selid clectrelyte must be thin to facilitate the
hatterv’s encrey and power densities. However, the solid
clectrolyte must operate as a separator and cannot be tow thin
s ay Lo compromise mechanical strenptl and salety, Thick-
ness should be unibnn o support many charging eveles.
Abou 254 pm-10 mily and less than 30 micrometers s
wetterally the standard width, The thickness of a solid
clectrolyte can he measured tsing the T411 om-83 methad
by the Teclmical Association of thw Pulp and Puper [ndustry.
and has been extruded inhicknesses from 5-150 microm-
clers.

[0260] DPolvmer separators tvpically increase the resis-
tance of the electeolvte by a foctor of four o five, and
deviations {rom uniform peneability produce uneven cur-

rent density distribution. which causes the fonnation of

dendrites. Both issucs can he eliminated with the nse of solid
clectrolyie that yvields uniformiuy of and pussesses isotropic
1on conductivily,

[0261]  The selid electrelyte must be strong enough
withstand  the tension of any winding operation during,
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battery asscinbly, or bending or other abuse of the buttery,
Muechanical strength 15 tvpically defined in terms of the
tensile strength in both the machine (winding) direetion and
the transverse direction. i werns o ear resistunee and
puncture strenpth, These purameters are delined in tenns of
Youne s modulus which s the ratio ol stress (o strain. The
range of Youne’s modulus for the cleetrolyle made from the
sulid pulymer material s 3.0 MPa-4.0 GPa, and it can he
engineered 1o be lipher by utilizing additives such as aluss
liher or carbon fiber i required.

[M262] The selid electrolvte must remain stable over a
wide temperanre range without eurling vr puckering. laving
copletely fat. Althougl the lonie trausport properties of
the solid clectrolvte of the present invention vary with
wanperature the stroctural unteprity  remaing stuble even
when exposad o extreme heat as will he maore fully
descrihed below.

[0263]  Thus the selid ionically conducting polyier neie-
rial meets the requires of o separator and solid polymer
electralyle as it perfonus cuch of the above listed require-
ments. Specifically. the solid pulvmer clectrolyte possesses
A Youne's modulus greater than 3.0 MPa. thickness less than
20 mierometers. isotrople ionie conduetivity, ditfusivity of
multiple lons at temperatures as low as —43% Ol stability
(non-reactive] with lithium metal, clectrochemically active
materials. and clectrically conductive additives ot high volt-
ages, thermoplastic, and moldable.

Ixumple 23

[0264] The selid pelymer materiul was tested Tor Maima-
hility according to the parameters of the 110 94-V0 Flam-
mability Test. The solid polymer material was found to he
virtally non-llammahle  sell-extineuishing in two  sec-
onds, By UL94-V0 standards. in order o be cousidered
nonflaumable. the waterial needs w self-extinpuish i less
than ten sceonds.
[M265]  While the invention has been deseribed in detatl
herein in accordance with cerwin prelerred cmbodiments
thereoll many modifleations and chanpes therein may be
allected by these skilled in the art witheut departing from the
spirit ol the invention. Accordingly. it s our intent o he
limited only by the secope ol the appending claims and not by
way ol the details and nstrumentalities deseribing the
aibadiments shown herein,
[0266] 1t is o be understood that vardations and modifi-
cations can he made vn the aforementioned structire without
departing from the concepts of the present invention, and
turther 1t s to be understood that such coneepts are intended
e be covered by the fellowing claims unless these cluins by
their lanpuase expressly state utherwise.

1. A sulid jonically conductive, pulvmer material having:

a erystallinity greater than 30%: a melting temperature:

a glussy state:

and both at least eue cutionie and anienic ditfusing ion.

wherein at least one diffusing ion is mobile inthe wlassy
state.

2. The materiul of ¢laim 1. further comprising o plurality
of charoe trunsfer complexes.

3 The material oF elaim 2. whereln the matenial comprises
a plurality of monomers, and wherein cach charge transfor
complex is positioned on a monomer

4-10. {canceled)

11, The material of claim 1. having at least three diffusing
lons.
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12. The matenial ol claim 1. having mere than one anionic
diffusing ion.

13, The material of claim 1. wherein the melting tem-
perature of the matenial is preater thun 2507 .

14. The material of elalm 1. wherein the 1one condue-
tivity of the material iy areater than 1.0x 1077 Séem at room
lemperatire.

15, The material wb elaim 1, wherein the material com-
prises a single cationic ditfusing ion wherein e dillusivity
of the cationic diffusing ion is preater than 1.0x 1077 ™ at
rooln lemperiure,

16, The material ol 1. wherein the material comprises o
sitwle anjonic diffusing lon. wherein the diffissivity of the
anionic diffusing ion is preater than 1.0x 10 "7 m™S at room
lemperature.

17. The maerial of elaim 1. wherein a1 least one cationic
diffusing ion comprises an alkall metal, an alkaline carth
metal, a transition metal, or g post transition metal.

18, The materal of claim 3. wherein there is at lesst one
anionic diflusing ion per nwmwaner,

19, The waterial of claim 3. wherein there is at leoast one
cationie diffusing on per monomer.

20. The material of claim 1, wherein there is at least une
mele of the cationie diffusing ion per liter material.

21, The material o elaim 2. wherein the charee trauster
complex 1y formed by the reaction of o polvimer. electron
acceptur, and an ionic compound. wherein cach cationic and
amionic diffusing ion s a reaction product of the onic
compoud,

22, The material of elaim 1. wherein tw material is
lormed from at least one onie compound. wherein the onic
compourkl comprises cach cationic and anionic diffusing
L.

23, The wmaterial of cluim 1. wherein the waterial is a
tenueplastic,

24. The material of elaim 1. wherein the cationie difusing,
wn comprises lithinm.

25, The material of claim 1. wherein cach at least vne
cationic und aniente dittusing lon have o diffusivity, wherein
e cationie dittusivity 1s greater than the unionic diffusivity.

26. The matenal of cluim 1. wherein the cationie trans-
ference mumber of the material s greater than 0.5 and less
than 1.0,

27 The material b elaim U7, wherein the concentration of
lithivm iy preater than 3 moles of lithium per liter of

nwtterial.

28 The material of claim 19, wherein the cationic dif-
Nsing b comprise lithium.

29 The material of claim 1. wherein the diffusing calion
1y wenovalent,

30 The material of claim 1. wherein the valence of the
diffusing eation is preater than one,

31 The material vt claim 3, wherein the material includes
arcater than one diffusing anion per monomer.

32, The matertal of claim 1. wherein the diftusing anien
15 o hydroxyl 1on,

33, The material of elaim 1. wherein diflusing auion is
menevalent.

M. The material b claim 1. wherein both the diffusing
anion and the diffusing cation are monovalent.

350 The material of claim 1. wherein cach at least vne
cationic und aniente dittusing lon have o diffusivity, wherein
e anionic diffusivity is greater than the cationic diffusivity.
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36, The muterial of claim 1. wherein the cationic truns-
ference number of the material 15 egual 1o or less than 0.5,
and greater than wero.

37, The matenal of claim 1. wherein one of the at least

CThe material vt elaim Lo wherettt ane of the at Teast ane

kL.
anionic diffitsing jon has o diffiusivity preater than 1.0x10 "7
m's,

39, The mawridl of claim 1. wherein one of both the at
least one anienie ditfusing lon and at least one cationic
diffusing wn has a diffusivite wreater than 1.0x107°7 m

40 The material of claim 3.
colnprises an aronatie or heteroeyelie ring strueture posi-
tioned in the backbone of the menower,

41, The material of elaim 40, wherein the matwerial further
mehides g heteroatom incorporated in the ring structure or
pusitioned on the backhone adjacent the ring structure.

42, The waterial of cloim 33, whereln the heteroatom 1
selected e the group eonsisting of sulfur oxypen or
B,

43 The material of claim 34, wherein the heteroabom is
pusitioned on the backhone of the menomer adjacent the
ring structure.

44, The waterial of cloim 35, whereln the heteroatom 1
sulfur,

45 The material of claim 1, wherein the material s
pl-conjiigated.

whereinnt cach monumer

46, The material of claims 33, wherein tlwre 1s at least o
anienic diflusing ion per monemer. aud wlerein at least o
HIOOIRT eomprises o lithium o

47, The material of claim 1. wherein the polymer com-
prises o plurality of monomers. wherein the molecular
welpht of the monomuer s areater than 100 gronsinele.

48, The material of elaims elalm 1 or 5. wherein the
material iy hydrophilie,

49 The material of claim 1. wherein the tonic condne-
tvity ul the material s isotropic.

A0, The material ubf claim 1. having an ionic conductivity
preater than 1x10 7 S/em af room temperature,

51, The matenal of elaim 1. having an lenie conduetivity
greater than 1x 107 Sqem at 80° ¢

52, The material ub claim 1. having an tone conductivily
sreater than 1x 10 ® Saem at —40°
The material of claim 1. where the ecationic diflusing
len eomprises lthivm, sud wherein the diftusivity of lithiom
i is greater thun 1LOx10 7% m™s al roon lemperature,

54. The material of claim 1. wherein the material in
nun-tHammahle.

A5, The material of claim 1, wherein the material remains
is nen-reactive when mixed with o seeond material wherein
the seeond material is selected from o group cowprising u
clectrochemically active material, an cleetrically conductive
material. g dweological modifying material, and a stabilizing
material

36, The material of claim 1. wherein the matertal s in the
sliape of o liln,

57, The matenal of ¢laim 1. whereln the Young™s modulus
ol the material s equal to or preater than 3.0 MPa.

A8 A solid lonically conducting macromoleenle com-
prised ol

a plurality of menomers, wherein each monoer com-

prises an aromatic or heteroeyelic Ang structure:
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g heteroatonm either ineorporated in the ing strueture or
pusitioned adjacent the ring structure:

g catonic and anwnie diffusing won. wherein both the
catlonie aud antonic diffusing lons are incorperated into
the structure of the maeromelecule:

wherein both the catlonie and anlonic diffusing ions can
diffise along the macromelecule:

wherein there 18 no segmental motion in the polvmer
material when the catonic or antonie ditfusing wns
diffuse along the macremelecule.

0. A material comprising the macromolecule of elaim 58,

60, 'I'he material of elaim 59, wherein the material has an

wnic conductivity greater than [x107% Sicm,

61. The material of claim 39, wherein the molecular

welaht of each monomer is wreater than 100 grams per mole.

62. The material of elaim 59, wherein at least one cationic

diffusing len comprises au alkall metal, an alkaline carth
wwtal, a transition wetal, or o post transition mwelal.

63 The material ufelaim L wherein the material becomes
wnically conductive after being doped by an clectron accep-
lor.
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64, The maoterial el clunn 1. wherein the material becomes
wonically conductive aller being doped hy an clectron aceep-
tor in the presence uf an lonic compoennd that either contains
both the cotlenie and anienic diflusing ion or s convertible
into hoth the cationic and anionic diffusing lon via oxidation
by the clectron acceptur.

65, The material of claim 1. wherein the material is
tormed tron the reaction product ol'a buse pelyvier. electron
aceeptor and an ionie compound,

66 The material of claim 57, wherein the base polymer is
a cotjugatad polyimer.

67, The muterial of ¢laim 57, wherein the base polymer i
PPS or a liquid erystal pelymer.,

8. The material ulelaim 57, wherein the wonic compotind
is an oxide, chloride. hydroxide vr a salt.

69, 'The material of clahn 2. wherein the charpe transler
conplex is formed by the reaction of an electron aeceplor
wd a pelymer.

T0. The material of claim 57 wherein the electron aceep-
for Is 8 JUININS ar aXvaen.

71-92, (canceled)
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LITHIUM METAL BATTERY WITH SOLID POLYMER ELECTROLYTE

FIELD O THE INVENTION

One or more embodiments relate to electrodes including a solid polymer

clectrolvte, manufacturing methods thercof, and lithium batteries containing the same.

DESCRIPTION OF THE RELATED TECHNOLOGY

Lithium secondary batteries, provide an cnergy density by gencrating a discharge
voltage below around 4.0 Volts. However, at higher voltages the typical electrolyvtes used
in these batteries can decompose and limit the life of the battery. The electrolytes that have
been developed so far do not alford such a high state of charge, and electrolyte stability at
satislactory levels,

Typical electrolytes used in lithium secondary batteries also limit the temperature
range of uscful performance of such batteries. A solid ionically conductive polymer
material with high conductivity over a wide range of temperatures, including room
temperature and below has been demonstrated to provide high performance over a wide
lemperalure range.

The current state-ol-the-art lithium 1on electrode fabrication process involves
several steps: mixing, slurry coating, drying, calendaring and electrode tinishing, Some ol
these steps can be eliminated by using an extruded electrode method, incorporating the
solid polymer clectrolyte into the Lithium battery clectrode.

The present embodiments overcome the above problems as well as provide

additional advantages.

SUMMARY OF TITTE INVENTION

According to an aspect, a battery comprising: an anode having a first
electrochemically active material; a cathode having both a second electrochemically active
material and a [irst electrolyte; a second electrolyte interposed between the anode and the
cathode; whercin at least onc of the first clectrolyte and second clectrolyte comprises a
solid polvmer electrolvte; wherein the solid polvmer clectrolyte comprises both at least
onc cationic and anionic diffusing ion, wherein at lcast one cationic diffusing ions

comprises lithium.
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In the aspect, the battery the solid polymer electrolvle [urther comprises: a
crystallinity greater than 30%; a melting temperature; a glassy state; and wherein at least
one dilfusing ion 1s mobile in the glassy state.

T'urther aspects of the battery can include one or more of the [ollowing:

The battery whercin the solid polymer electrolvte further comprises a plurality of
charge transter complexes.

The battery whercin the solid polymer clectrolvte comprises a plurality of
monomers, and wherein cach charge transter complex is positioned on a monomer.

The balttery wherein the electronic conductivily of the solid polymer electrolyte is
less than 1 x 10™ $/em at room temperature.

The battery wherein the solid polvmer electrolyte comprises: a plurality of
monomers; a plurality of charge transfer complexes, wherein each charge transfer complex
is positioned on a monomer; whercin the clectronic conductivity of the solid polymer
clectrolyte is less than 1 x 10" Séem at room temperature.

The battery whercin the crystallinity of the solid polymer clectrolyte is greater than
30%.

The battery wherein the solid polymer electrolvie has a glassy state which exists at
temperatures below the melting temperature of the solid polymer electrolyte,

The battery wherein the solid polymer electrolyle further comprises both a cationic
and anionic diffusing ion, whereby at least one diffusing ion is mobile in a glassy state of
the solid polymer clectrolvte, and wherein the crystallinity of the solid polvmer clectrolvte
is greater than 30%.

The battery whercin the melting temperature of the solid polymer electrolyte is
greater than 250°C.

The battery wherein the solid polymer electrolyte 1s a thermoplastic,

The battery wherein the ionic conductivity of the solid polymer electrolyle 1s
1sotropic,

The battery wherein the solid polymer electrolyte 1s non-flammable.

The battery whercin the Young’s modulus of the solid polymer clectrolyte is equal

to or greater than 3.0 MPa
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The battery wherein the solid polymer electrolyte has a glassy slate, and at least
one cationic and at least one anionic diffusing ion, wherein each diffusing ion is mobile in
the glassy state.

The battery wherein the ionic conductivity of the solid polymer electrolyle 1s
greater than 1.0 x 10 7 S/em at room temperature.

The battery wherein the solid polvmer electrolvte comprises a single cationic
diffusing ion, wherein the single anionic diffusing ion comprises lithium, and whercin the
diffusivity of the cationic diffusing ion is greater than 1.0 x 107 m™/s at room temperature

The battery wherein the solid polymer electrolvle comprises a single anionic
dilTusing 1on, and wherein the ditfusivity ol the anionic diffusing ion 1s greater than 1.0 x
10 " m?/s at room temperature.

The batlery wherein one of the at least cationic diftfusing 1on, has a diffusivity
greater than 1.0x 10 7" m’/s.

The battery wherein onc of the at least one anionic diffusing ion has a diffusivity
greater than 1.0x 10 7" m’/s.

The battery wherein one of both the at least one anionic diffusing ion and at least
one cationic diffusing ion has a diffusivity greater than 1.0 x 10 " m?/s,

The battery wherein the solid polymer electrolyte has an 1onic conductivity greater
than 1 x 107 $/em at room temperature.

The wherein the solid polymer electrolyle has an ionic conductivity greater than 1
x 107 S/em at 80°C.

The battery whercin the solid polymer clectrolyte has an ionic conductivity greater
than 1 x 107 S/em at -40°C.

The battery whercin the concentration of lithium is greater than 3 moles of lithium
per liter of solid polymer electrolyte,

The batlery wherein each at least one cationic and anionic dilfusing 1on have a
difTusivity, wherein the cationic diffusivity 1s greater than the anionic diffusivity,

The battery wherein the cationic translerence number of the solid polymer
clectrolvte is greater than 0.5 and less than 1.0

The battery wherein at least once diffusing anion is monovalent.

The battery wherein at least one anionic diffusing ion comprises fluorine or boron.

80



10

._.
N

20

25

WO 2019/126532 PCT/US2018/066849

The battery wherein the solid polymer electrolyte comprises a plurality of
monomers and wherein there 1s al least one anionic ditTusing 1on per monomer.

The battery wherein the solid polymer electrolyte comprises a plurality of
monomers and wherein there is at least one cationic diffusing ion per monomer.

The battery wherein there is at lcast onc mole of the lithium per liter of solid
polvmer clectrolyte.

The battery whercin the solid polymer clectrolvte comprises a plurality of
monomers, whercin cach monomer compriscs an aromatic or heterocycelic ring structure
positioned in the backbone of the monomer.

The battery wherein the solid polvmer electrolvie [urther includes a heteroatom
incorporated in the ring structure or positioned on the backbone adjacent the ring structure.

The battery wherein the heteroatom 1s selected from the group consisting of sulfur,
OXygen or nitrogen.

The battery whercin the heteroatom is positioned on the backbone of the monomer
adjacent the ring structure.

The battery wherein the heteroatom is sulfur.

The battery wherein the solid polymer electrolyte is pi-conjugated.

The battery wherein the solid polymer electrolyle comprises a plurality of monomers,
wherein the molecular weight of each monomer is greater than 100 grams/mole.

The battery wherein the charge transler complex 1s [ormed by the reaction of a
polvmer, electron acceptor, and an ionic compound, whercin cach cationic and anionic
diffusing ion is a reaction product of the ionic compound.

The battery whercin the solid polymer clectrolyte is formed from at least one ionic
compound, wherein the ionic compound comprises cach at least one cationic and anionic
dilTusing ion.

The battery wherein the charge transler complex 1s [ormed by the reaction of a
polymer and an electron acceplor.

The battery wherein the solid polymer electrolyte becomes ionically conductive
after being doped by an clectron acceptor in the presence of an ionic compound that either
contains both a cationic and anionic diffusing ion or is convertible into both the cationic

and anionic diffusing ion via reaction with the clectron aceeptor.
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The battery wherein the solid polymer electrolyvte 1s formed [rom the reaction
product of a base polymer, electron acceptor and an ionic compound.

The battery wherein the base polymeris a conjugated polymer.

The battery wherein the base polymeris PPS or a liquid crystal polymer.

The battery whercin both the first and second clectrolyte comprise the solid
polvmer clectrolyte, whercin the electronic conductivity of the second electrolvte is less
than 1 x 10™ S/cm at room temperature.

The battery whercin both the first and second clectrolyte comprise the solid
polymer electrolyte.

The battery wherein the anode comprises a third electrolvie, and wherein the third
electrolyte comprises the solid polymer electrolvte.

The battery wherein the second electrolvte comprises the solid polymer electrolyte
and 18 formed into a film, wherein the thickness of the film 1s between 200 and 15
micrometers.

The battery wherein the second electrochemically active material comprises an
intercalation material.

The batlery wherein the second electrochemically aclive material comprises a
lithtum oxide comprising nickel, coball or manganese, or a combination of two or all three
ol these elements.

The battery wherein the second electrochemically active material has an
clectrochemical potential greater than 4 2 volts relative lithium metal.

The battery wherein the cathode has an clectrode potential greater than 4 2 volts
relative lithium metal.

The battery wherein the second electrochemically active material is intermixed
with an electrically conductive material and the solid polymer electrolyte.

The battery wherein the electrically conductive material comprises carbon,

The battery wherein the cathode comprises 70-90 percent by weight of the second
electrochemically active material.

The battery wherein the cathode comprises 4-15 percent by weight of the solid
polvmer clectrolyte.

The battery wherein the cathode comprises 2-10 percent by weight of an

clectrically conductive material.
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The battery wherein the electrically conductive material comprises carbon,

The battery wherein the cathode is formed [rom a slurry.

The battery wherein the cathode 1s positioned on a cathode collector.

The batlery wherein the second electrochemically aclive material comprises a
lithium oxidc or a lithium phosphate that contain nickel, cobalt or mangancse.

The battery wherein the second electrochemically active material comprises a
lithium intercalation material, whercin the lithium intercalation material comprises
lithium.

The batlery wherein the lithium intercalation material comprises Lithium Nickel
Cobalt Aluminum Oxide; Lithium Nickel Coball Manganese Oxide; Lithium Iron
Phosphate; Lithium Manganese Oxide; Lithium cobalt phosphate or lithium manganese
nickel oxide, Lithium Cobalt Oxide. [L1TiS,, LiNi1QOs, or combinations thereol

The battery wherein the second electrochemically active material comprises an
clectrochemically active cathode compound that reacts with lithium in a solid state redox
reaction.

The battery wherein the electrochemically active cathode material comprises a
metal halide; Sullur; Selenium: Tellurium: Todine; FeS» or 1i,S

The batlery wherein the lithium intercalation material comprises Lithium Nickel
Cobalt Manganese Oxide, wherein the alomic concentration ol nickel in the Lithium
Nickel Cobalt Manganese Oxide is greater than the atomic concentration ol coball or
mangancse.

The battery wherein the cathode is about 15 to 115 micrometers in thickness.

The battery wherein the cathode coating density in the range of 1.2 to 3.6 gfce.

The battery whercin the first electrochemically active material comprises an
intercalation material.

The battery wherein the anode further comprises the solid polymer electrolyte,
wherein the [irst electrochemically active material i1s mixed with the solid polymer
electrolyle.

The battery wherein the first electrochemically active material comprises lithium
metal.

The battery wherein the lithium metal in the anode 20 micrometers or less in

thickness.
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The battery further comprising an anode current collector in 1onic communication
with the anode, wherein lithium deposits on the anode current collector when the battery 1s
charged.

The battery wherein the density of the lithium deposited on the anode current
collector 1s greater than 0.4 g/cc

The battery further comprising an anode current collector in lonic communication
with the anode, wherein the clectrolyte 1s positioned adjacent the anode current collector.

The battery wherein the first clectrochemically active material comprises Silicon,
Tin, antimony, lead, Cobalt, Tron, Titanium, Nickel, magnesium, aluminum, gallium,
Germanium, phosphorus, arsenic, bismuth, zing¢, carbon and mixtures thereof,

The battery wherein the second electrochemically active material comprises an
intercalation material, wherein the [irst electrochemically active material comprises
lithium metal.

The battery wherein the charged voltage of the battery is greater than 4.1 volts.

The battery wherein the charged voltage of the battery is greater than 4.5 volts.

The battery wherein the charged voltage of the battery is greater than 5.0 volts.

The batlery wherein lithium is cycled between the anode and cathode at a rale
grealer than 0.5 mA/em” af room lemperature,

The batlery wherein lithium is cycled between the anode and cathode at a rale
grealer than 1.0 mA/em” af room lemperature,

The battery whercin the lithium is cyeled between the anode and cathode for
greater than 150 cyceles.

The battery wherein lithium is cveled between the anode and cathode at a rate
greater than 3.0 mAh/cm” at room temperature for greater than ten cveles.

The batlery wherein lithium is cycled between the anode and cathode at a rale
grealer than 18.0 mAh/cm’.

The batlery wherein lithium is cycled between the anode and cathode at a rale
grealer than 0.25 mAh/cm” at room temperature for greater than 150 cycles.

The battery further comprising an ancde current collector, whercin lithium is
plated onto the anode current collector when the battery 1s charged, wherein the density of
the lithium plated onto the anode current collector is greater than 0 4 g/ce.

The battery wherein the lithium cyeling efficiency is greater than 99%.
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The battery wherein the second electrolvte comprises the solid polymer electrolyte
and 1s formed nto a film, and wherein the [irst electrolyle comprises the solid polymer
electrolyvte, whereby the second electrolvie 1s attached to the cathede.

The battery wherein the second electrolvte comprises the solid polymer electrolyte
and is formed into a film, and wherein the anode comprises a third clectrolyte, and
whercein the third clectrolyte comprises the solid polymer clectrolvte, whereby the scecond
clectrolvte 1s attached to the anode.

In an aspect, a method of manufacturing a battery comprising the steps oft mixing
a polymer with an electron acceptor to create a [irst mixture; heating the [irst mixture to
form a reaction product comprising a plurality charge transler complexes, mixing at least
one 1onic compound comprising lithium with the reaction product to form a solid 1onically
conductive polymer material.

Further aspects of the method of manufacturing a battery can include one or more
of the following:

The method further comprising including mixing an intercalation material with the
solid ionically conductive polymer material to form a cathode.

The method wherein the cathode lorming step [urther includes mixing an
electrically conductive material with the intercalation material and the solid 1onically
conductive polymer material.

The method wherein the cathode lorming step further comprising a calendaring
step wherein the density of the cathode is increased.

The method wherein the solid ionically conductive polymer material is formed into
a film to form a solid polvmer clectrolvte.

The method wherein the dopant is a quinonc.

The method wherein the polvmer 1s PPS, a conjugated polymer or a liquid crystal
polymer.

The method wherein the i1onic compound is a salt, hvdroxide, oxide or other

material containing lithium.
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The method wherein the 1onic compound comprises lithium oxide, lithtum
hydroxide, Tlithtium nitrate, lithium  bis-trilluoromethanesulfonimide, [ithium
bis{[Tuorosulfonylyimide, Lithium bis(oxalato)borate, lithium trifluoromethane sullonate),
lithtum hexalluorophosphate, lithium tetralluoroborate, or lithium hexafluoroarsenate, and
combinations thercot

The method wherein in the heating step the first mixture is heated to a temperaturc
between 250 and 450 deg. C

The method wherein the cathode is positioned adjacent an electrically conducting
cathode current collector to [orm a cathode assembly.

The method wherein the solid 1onically conductive polymer material 1s formed into
a film to form a solid polymer electrolvie.

The method [urther comprising an electrically conducting anode current collector
and an enclosure, and further comprising an assembly step wherein the solid polymer
clectrolvte is positioned between the anode current collector and the cathode assembly to
form a battery assembly, and the battery assembly is placed within the enclosure.

The method wherein the battery further comprises a anode and a cathode, wherein
the solid ionically conductive polymer material is formed into a [ilm to form a solid
polymer electrolyte, [urther comprising attaching the [ilm to the anode, the cathode or both
the anode and the cathode.

The method wherein in the atlaching step the film is coextruded with either the
anode, cathode or both the anode and the cathode.

These and other features, advantages, and objects of the present invention will be
further understood and appreciated by those skilled in the art by refercnce to the following

specification, claims, and appended drawings.

BRIET DEIESCRIPTION O THE DRAWINGS

In the drawings:

I'IG. 11s a representation of a battery cross section;

FIG. 2 is a plot of a capacity  voltage (CV) curve of a battery described in
Example 2, which is cycled at two different voltages;

FIG. 3 is cvele plot of a battery deseribed in Example 4:

FIG. 4 is cvele plot of a battery deseribed in Example 4:

9
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I'IG. 515 cyclic voltammetry plot of a battery described in Example 5;

I'IG. 615 cyclic voltammetry plot of a comparative battery described in Example 6;

I'IG. 715 a representation ol a test fixture cross section described in Example 7;

I'IG. 8 1s cycle plot of a battery described in Example 7;

FIG. 9 is electrochemical impedance spectroscopy (EIS) plot of a battery described
in Example 8; and

FIG. 10 is a voltage relative time plot of a battery described in Example 9.

DETATLED DESCRIPTION OF' THE PRETERRED EMBODIMENTS

This application claims the benefit of U.S. Provisional Patent Application
No. 62/170,963 filed June 4, 2015; hereby incorporated by reference; and also
incorporates by relerence U. S. Provisional Patent Application No. 627158841 [iled
May 8, 2015, US Patent Application 14/559430 filed December 3, 2014 US
Provisional Patent Application No. 61/911,049 filed December 3, 2013; 1S Patent
Application No. 13/861,170 filed April 11, 2013; and 1S Provisional Patent Application
No 61/622.705 filed April 11,2012

The present invention includes a lithium metal battery enabled to operale
efficiently at a high voltage by a solid ionically conductive polymer material

The following explanations ol terms are provided o better detail the descriptions
ol aspects, embodiments and objects that will be set forth in this section. Unless explained
or defined otherwise, all technical and scientific terms used herein have the same mceaning
as commonly understood to one of ordinary skill in the art to which this disclosure
belongs. In order to facilitate review of the various embodiments of the disclosure, the
following cxplanations of specific terms are provided:

A depolarizer is a synonym of electrochemically active substance, i.e., a substance
which changes ils oxidation state, or parlakes in a [ormation or breaking ol chemical
bonds, in a charge-transfer step of an electrochemical reaction and electrochemically
active material. When an electrode has more than one electroactive substances they can be
reterred to as codepolarizers.

Thermoplastic is a characteristic of a plastic material or polymer to become pliable
or moldable above a specific temperature often around or at its melting temperature and to

solidify upon cooling.
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Solid electrolyvtes include solvent free polymers, and ceramic compounds
(crystalline and glasses).

A “Solid” 15 characterized by the ability to keep 11s shape over an indelinitely long
period, and is distinguished and different [rom a material in a liquid phase. The atomic
structure of solids can be cither crystalline or amorphous. Solids can be mixed with or be
components in composite structures. However, for purposcs of this application and its
claims, a solid material requires that that material be ionically conductive through the solid
and not through any solvent, gel or liquid phase, unless it is otherwise described. For
purposes ol this application and its claims, gelled (or wet) polymers and other materials
dependent on liquids for ionic conductivity are delined as not being solid electrolvies in
that they rely on a liquid phase for their ionic conductivity.

A polymer 1s typically organic and comprised ol carbon based macromolecules,
cach of which have onc or more type of repeating units or monomers. Polymers arc light-
weight, ductile, usually non-conductive and melt at relatively low temperatures. Polyvmers
can bc made into products by injection, blow and other molding processcs, extrusion,
pressing, stamping, three dimensional printing, machining and other plastic processes.
Polymers typically have a glassy state al temperatures below the glass (ransition
temperature Tg. This glass temperature 1s a function of chain [lexibility, and occurs when
there 1s enough vibrational (thermal) energy in the system to create sufticient [ree-volume
1o permit sequences ol segments ol the polymer macromolecule to move together as a unit,
However, in the glassy state of a polvmer, there s no segmental motion of the polymer.

Polymers are distinguished from ceramics which are defined as inorganic, non-
metallic materials: typically compounds consisting of metals covalently bonded to oxvgen,

nitrogen or carbon, brittle, strong and non-conducting.
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The glass transition, which occurs in some polymers, 15 a midpoint temperature
between the supercooled liquid state and a glassy stale as a polymer material 1s cooled.
The thermodynamic measurements ol the glass transition are done by measuring a
physical property of the polymer, e.g. volume, enthalpy or entropy and other derivative
propertics as a function of temperaturc. The glass transition temperature is observed on
such a plot as a break in the selected property (volume of enthalpy) or from a change in
slope (heat capacity or thermal expansion coetticient) at the transition temperature. Upon
cooling a polymer from above the Tg to below the Ty, the polymer molecular mobility
slows down until the polymer reaches its glassy state.

As a polymer can comprise both amorphous and crystalline phase, polymer
crystallinity 1s the amount of this crystalline phase relative the amount of the polymer and
is represented as a percentage. Crystallinity percentage can be calculated via x-ray
diffraction of the polymer by analysis of the relative arcas of the amorphous and
crystalline phascs.

A polymer film is generally described as a thin portion of polvmer, but should be
understood as equal to or less than 300 micrometers thick.

It 1s important to note that the ionic conductivity 1s different from electrical
conductivity. Tonic conductivity depends on tonic dilfusivily, and the properties are related
by the Nernst-Linstein equation. lonic conductivily and 1onic dilTusivity are both measures
ol ionic mobility. An ionic is mobile in a material if its diltusivity in the material is
positive (greater than zero), or it contributes to a positive conductivity. All such ionic
mobility measurements are taken at room temperature (around 21°C), unless otherwise
statcd. As ionic mobility is affected by temperature, it can be difficult to detect at low
temperatures. Equipment detection limits can be a factor in determining small mobility
amounts, Mobility can be understood as diffusivity of an ion at least 1x10"" m?/s and
preferably at least 1x10™ m*/s, which both communicate an ion is mobile in a material.

A solid polymer tonically conducting material 1s a solid that comprises a polymer

and that conducts ions as will be [urther described.
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An aspect includes a method ol synthesizing a solid 1onically conductive polymer
material from at least three distinct components: a polymer, a dopant and an ionic
compound. The components and method ol synthesis are chosen [for the particular
application of the material. The selection of the polymer, dopant and 1onic compound may
also vary based on the desired performance of the material. For example, the desired
components and method of synthesis may be determined by optimization of a desired

physical characteristic (¢ g 1onic conductivity).

Svnthesis:

The method of synthesis can also vary depending on the particular components and
the desired form of the end material (c.g film, particulate, ctc). However, the method
includes the basic steps of mixing at least two of the components initially, adding the third
component in an oplional second mixing step, and heating the components/reactants to
synthesis the solid 1onically conducting polymer material in a heating step. In one aspect
ol the invention, the resulling mixture can be optionally formed into a [ilm of desired size.
If the dopant was not present in the mixture produced in the first step, then it can be
subsequently added to the mixture while heat and optionally pressure (positive pressure or
vacuum) arc applied. All three components can be present and mixed and heated to
complete the synthesis of the solid ionically conductive polvmer matcerial in a single step.
ITowever, this healing step can be done when in a separate step from any mixing or can
completed while mixing is being done. The healing step can be performed regardless ol
the form of the mixture {e.g. [ilm, particulale, etc.) In an aspect of the synthesis method,
all three components are mixed and then extruded into a film. The [ilm is healed o
complete the synthesis.

When the solid ionically conducting polvmer material is synthesized, a color
change occurs which can be visually observed as the reactants color 1s a relatively light
color, and the solid ionically conducting polvmer material is a relatively dark or black
color, It 1s believed that this color change occurs as charge transler complexes are being
formed, and can occur gradually or quickly depending on the synthesis method.

An aspect ol the method of synthesis 1s mixing the base polymer, ionic compound
and dopant together and heating the mixture in a second step. As the dopant can be in the

gas phasc, the heating step can be performed in the presence of the dopant The mixing
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step can be performed in an extruder, blender, mill or other equipment typical of plastic
processing. The heating step can last several hours {e.g. twenty-lour (24) hours) and the
color change 1s a reliable indication that synthesis 1s complete or partially complete.
Additional heating past synthesis (color change) does not appear to negatively allect the
material.

In an aspect of the synthesis method, the base polvmer and 1onic compound can be
first mixed. The dopant is then mixed with the polymer-ionic compound mixture and
heated. The heating can be applied to the mixture during the second mixture step or
subsequent to the mixing step.

In another aspect of the synthesis method, the base polymer and the dopant are first
mixed, and then heated. This healing step can be applied afler the mixing or during, and
produces a color change indicating the formation ol the charge transler complexes and the
rcaction between the dopant and the base polymer The tonic compound is then mixed to
the rcacted polymer dopant material to complete the formation of the solid ionically
conducting polymer material

Typical methods of adding the dopant are known to those skilled in the art and can
include vapor doping ol film containing the base polymer and i1onic compound and other
doping methods known 1o those skilled in the art. Upon doping the solid polymer material
becomes 1onically conductive, and 1t 1s believed that he doping acts to activate the ionic
components of the solid polymer material so they are difTusing 1ons.

Other non-reactive components can be added to the above described mixtures
during the initial mixing steps, sccondary mixing steps or mixing steps subsequent to
heating. Such other components include but are not limited to depolarizers or
clectrochemically active materials such as anode or cathode active materials, electrically
conductive malterials such as carbons, rheological agents such as binders or extrusion aids
(e.g. ethylene propylene diene monomer “EPDM7), catalysts and other components uselul
1o achieve the desired physical properties of the mixture.

Polymers that are useful as reaclants in the synthesis of the solid ionically
conductive polymer matcerial arc electron donors or polymers which can be oxidized by
clectron acceptors. Semi-crystalline polymers with a crystallinity index greater than 30%,
and greater than 50% arc suitable reactant polymers. Totally crystalline polymer materials

such as liquid crystal polvmers (“LCPs™) arc also useful as rcactant polymers. LCPs are
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totally crystalline and therefore their crystallinity index i1s hereby delined as 100%,
Undoped conjugated polvmers and polymers such as polyphenylene sullide (“PPS”) are
also suilable polymer reactants.

Polymers are typically not electrically conductive. Tor example, virgin PPS has
clectrical conductivity of 107 § em™. Non-clectrically conductive polymers are suitable
rcactant polymers.

In an aspect, polvmers uscful as rcactants can possess an aromatic or heterocyelic
component in the backbone of cach repeating monomer group, and a hetcroatom either
incorporated in the heterocyclic ring or positioned along the backbone in a position
adjacent the aromatic ring. The heteroatom can be located directly on the backbone or
bonded to a carbon atom which is positioned directly on the backbone. In both cases
where the heteroatom is located on the backbone or bonded to a carbon atom positioned on
the backbone, the backbone atom is positioned on the backbone adjacent to an aromatic
ring. Non-limiting cxamples of the polvmers used in this aspect of the invention can be
selected from the group including PPS, Polv(p-phenvlenc oxide)(“"PPO™), LCPs, Polyether
cther ketone (“PEEK™), Polyphthalamide (*PPA™), Polypyrrole, Polvaniline, and
Polysullone. Co-polymers including monomers of the listed polymers and mixtures of
these polymers may also be used. For example, copolymers of p-hydroxybenzoic acid can
be appropriate liquid crystal polymer base polymers,

Table 1 details non-limiting examples ol reactant polymers uselul in the synthesis
of the solid 1onically conductive polymer material along with menomer structure and some
physical property information which should be considered also non-limiting as polymers

can take multiple forms which can affcct their physical properties.
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Polymer Monomer Structure Meltling MW
_ Pt (C)
PPS 1 285 109
polyphenylene |
sulfide ]
PPO Poly(p- [__,f"‘ 262 92
phenylenc oxide) ™77
PEEK Paolvether U oo sy R 335 288
ether ketone T T
PPA N 312
Polvphthalamide LT N
Polypyrrole o
Polyaniline Poly- _FF(\:\}) ...... V) WY W ""“/‘{ 385 442
Phenylamine PR R Rl R
[Cl LN,
Polysullone | L ew, . S e 240
Xydar (I.CP) _ PP 1 o
- [ LY ,.,_,i [, o I’Ej—
Folo-0-H-0H,
Vectran Poly- 0
paraphenylenc O@'C Omc
terephthalamide [- o
CO-CI1;-CO-NH- * v
Col1,-NIH-],
Polyvinylidene H F 177
fluoride (PVDH) __.-C__.é-;
i

Polvacrvlonitrile (
PAN)

Polvietralluoro-
ctirvienc (P TFE)

Polvethviene { PE)}
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Dopants that are uselul as reactants in the synthesis of the solid ionically
conductive polymer matenial are electron acceptors or oxidants. It 1s believed that the
dopant acts lo release 1ons for ionic transport and mobility, and 1t 1s believed o create a
sile analogous to a charge transfer complex or site within the polymer to allow for ionic
conductivity. Non-limiting examples of usctul dopants arc quinones such as: 2 3-dicyano-
5. 6-dichlorodicyanoquinone (CxCLN>O;) alse known as “DDQ™, and tetrachloro-1.4-
benzoquinone (C,CLOy), also known as chloranil, tetracvanoethylene (CoIN,) also known
as TCNE, sulfur trioxide (*"S047), ozoene (trioxygen or Oy), oxygen (O, including air),
transition metal oxides including manganese dioxide (“*MnQO,”), or any suitable electron
acceptor, elc. and combinations thereol. Dopants that are temperature stable at the
temperatures ol the synthesis heating step are uselul, and quinones and other dopants
which are both temperature stable and strong oxidizers quinones are very usetul. Table 2

provides a non-limiting listing of dopants, along with their chemical diagrams.

TABLE 2
Dopant Formula Structure
2.3-Dichloro-5,6-dicyano- CCHICN RO . | o
1,4-benzoquinone (DDQ) 0T
O
tewachioro-1, d-benzoguinone | C,CHO: i
{chioranih) cL‘“| N “
[ M |
o
Tetracvanoetinvlene (TONT | CoNy '\ig\ ﬁ“
s
N N
Sulfur Trioxide S50,
Ozone -
Oxvgen 0,
Transition Metal Oxides MxO, (M Transition Metal,

x and y are cqual to or
greater than 1)

Tonic compounds that are useful as reactants in the synthesis of the solid 1onically
conductive polymer material are compounds that release desired lithium 1ons during the
synthesis of the solid ionically conductive polymer material. The ionic compound is

distinct from the dopant in that both an ionic compound and a dopant arc required. Non-
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limiting  examples include L1i,O, [iOH, TiNO;,  LITTST  (lithium  bis-
trifluoromethanesulfonimide), LiFST  (Lithium  bis(fluorosullonylyimide), Lithium
bis{oxalato)porate (1iB{C,04), “TiBOB7), lithium (riflate  LiCF:0:S  (lithium
trifluoromethane sullonate), [iPF6 (lithium hexalluorophosphate), LiBT4 (lithium
tetrafluorcborate), LiAskoO (lithium  hexafluorcarsenate) and other lithium  salts and
combinations thercof. Hydrated forms (e g monohydride) of these compounds can be used
to simplify handling of the compounds. Inorganic oxides, chlorides and hydroxide arc
suitable ionic compounds in that they dissociate during synthesis to create at least one
anionic and cationic diffusing ion. Any such ionic compound that dissociales {o creale at
least one anionic and cationic diffusing 1on would similarly be suitable. Multiple 1onic
compounds can also be useful that result in multiple anionic and cationic diffusing ions
can be prelerred. The particular ionic compound included in the synthesis depends on the
utility desired for the material. For example, in an aspect where it would be desired to
have a lithium cation, a lithium hydroxide, or a lithium oxide convertible to a lithium and
hydroxide ion would be appropriate. As would be any lithium containing compound that
rcleases both a lithium cathode and a diffusing anion during synthesis. A non-limiting
group of such lithium ionic compounds includes those used as lithium salts in organic
solvents.

The purity ol the materials is potentially important so as to prevent any unintended
side reactions and to maximize the ellectiveness ol the synthesis reaction to produce a
highly conductive material. Substantially pure reactants with generally high puritics of the
dopant, base polymer and the ionic compound are uscful, and purities greater than 98%c arc
more useful with even higher puritics, eg. LIOH: 99 6%, DDQ: >98%, and Chloranil:
=09% also useful

To further describe the utility of the solid 1onically conductive polymer material
and the versatility of the above described method of the synthesis of the solid ionically
conductive polymer malterial, use of the solid ionically conductive polymer material in
certain aspects of lithium metal electrochemical applications are described:

Referring to FIG. 1 there s shown the battery 10 of an aspect in a cross sectional
view The battery includes both a cathode 20 and an anode 30 The cathode is positioned
adjacent or is attached to a cathode current collector 40 which can act to conduct clectrons

to the cathode The anode 30 is similarly positioned adjacent or is attached to an anodc
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current collector 50 which also acts to conduct electrons [rom the anode to an external
load. Interposed between the anode 30 and the cathode 20 is the solid polymer electrolyte
60 which acts both as a dielectric laver preventing electrical conduction and internal shorts
between the anode and cathode while 1onically conducting ions between the anode and
cathode.

The described battery components are similar to typical battery components
however the solid polymer electrolvte and its combination with each battery component s
further described in aspects of the lithium cell.

The anode current collector 50 1s electrically conducting and positioned adjacent
the solid polymer electrolyle film 60. Interposed between the anode current collector and
the solid polymer electrolyte 1s an anode which can comprise any ol the multiple typical
lithium intercalation materials or lithium metal. Upon charge the solid polymer electrolyte
acts to conduct lithium metal to the anode, and to the lithium intercalation material 1n an
aspect, or to the anode current collector if lithium metal is used. In the aspect of a lithium
metal anode cxcess lithium can be added to the cell and is maintained at the anode
collector and can act as a deposition surface upon cell charging.

[n the aspect when an anode intercalation material 1s used as the anode
electrochemically active material, useful anode materials include typical anode
intercalation materials comprising: lithium titanium oxide (1.TO), Silicon (S1), germanium
(Ge), and tin (Sn) anodes doped and undoped; and other elements, such as antimony (Sb),
lead (Pb), Cobalt (Co), Iron (Fc), Titanium (Ti), Nickel (Ni), magnesium (Mg), aluminum
(Al), gallium (Ga), Germanium (Gce), phosphorus (P), arsenic (As), bismuth (B1), and zinc
(Zn) doped and undoped: oxides, nitrides, phosphides, and hydrides of the foregoing; and
carbons (C) including nanostructured carbon, graphite, graphenc and other materials
including carbon, and mixtures thereol. In this aspect the anode intercalation material can
be mixed with and dispersed within the solid ionically conducting polymer material such
that the solid ionically conducting polymer material can act to ionically conduct the
lithium 1ons to and [rom the intercalation material during both intercalation and
deintercalation (or lithiationd/delithiation).

In the aspect when lithium metal is used, the lithium can be added with the cathode
material, added to the anode as lithium foil, dispersed in the solid ionically conducting

polvmer material, or added to both battery components.
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The solid polymer electrolyte acts to transport the lithium metal to and [rom the
anode and therefore must be positioned within the battery so it is enabled to do so. Thus
the solid polymer electrolyte can be positioned as a film layer in a planar or jellyroll
battery construction, a convolule positioned around the anode current collector, or any
other shape which cnables the solid polymer eclectrolyte to perform its lithium ion
conduction. The thickness of the solid polymer clectrolyte can be in a desired range of
uniform thicknesses such as 200 to 25 micrometers or thinner. To aid in extrusion of the
solid polvmer clectrolyte, a rheological or extrusion aid can be added such as EPDM
(ethylene propylene diene monomer) in amounts necessary 1o aflect the desired extrusion
properties,

The cathode current collector 40 15 also a typical aluminum or other electrically
conducting film onto which the cathode 20 can be located or positioned.

Typical clectrochemically active cathode compounds which can be used include
but are not limited to: NCA - Lithium Nickel Cobalt Aluminum Oxide (LINICoAlIQO;);
NCM (NMC) - Lithium Nickel Cobalt Manganese Oxide (LiNICoMnQy); LFP - Lithium
[ron Phosphate (LiFePQ,); LMO - Lithium Mangancse Oxide (LiMn,QO,); LCO - Lithium
Cobalt Oxide (1.1Co00;); lithium oxides tor phosphates that contain nickel, cobalt or
manganese, and LiTiS2, [iNi102, and other layered materials, other spinels, other olivines
and tavorites, and combinations thereof. In an aspect, the electrochemically active cathode
compounds can be an intercalation material or a cathode malterial that reacts with the
lithium in a solid state redox reaction. Such conversion cathode materials include: metal
halides including but not limited to metal fluorides such as Fek;, Bikiz, Cul;, and Nik;,
and metal chlorides including but not limited to FeCly, FeCl,y, CoCly, NiCly, CuCl,, and
AgCl; Sulfur (S); Selenium (Se); Tellerium (Te): lodine (I); Oxvgen (O); and related
materials such as but not limited to pyrite (TeS;) and [.1,S_As the solid polymer electrolyte
1s stable at high vollages (exceeding 5.0V relative the anode electrochemically active
material), an aspect 1s o increase the energy density by enabling as high a vollage battery
as possible, therelore high voltage cathode compounds are preferred in this aspect. Certain
NCM or NMC material can provide such high voltages with high concentrations of the
nickel atom. In an aspect, NCMs that have an atomic percentage of nickel which is greater

than that of cobalt or manganese, such as NCMsy3, NCM=y5, NCM =y, NCMgy, NCMsys,
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and NCMs,;, are useful to provide a higher vollage relative the anode electrochemically

aclive malerial.

LXAMPLES

The battery article and its components arc described here, and ways to make and
usc them are illustrated in the following examples.

Example |

PPS and chloranil powder are mixed in a 4.2:1 molar ratio (basc polymer monomer
to dopant ratio greater than 1:1). The mixture is then heated in argon or air al a
temperature up to 350°C lor about twenty-lour (24) hours at atmospheric pressure. A color
change 1s observed conlirming the creation of charge transfer complexes in the polymer-
dopant reaction mixiure. The reaction mixture 1s then reground to a small average particle
size between 1-40 micrometers. LiTFS] powder (12 wt. %% of total mixture) is then mixed
with the rcaction mixture to create the synthesized solid, ienically conducting polymer
material  The solid, ionically conducting polymer material which is used as a solid
polvmer clectrolvte in this aspect is referred to as a solid polymer electrolvte when thus
used.

The solid polymer electrolyle can be used in multiple locations in a battery,
including in an electrode, or as a standalone dielectric, non-electrochemically active
electrolyie interposed between electrodes. When so used, the solid polymer electrolyte can
be the same material in all battery application, and in the aspect of a lithium battery if the
ionic mobility of lithium is maximized, this property and attribute of the solid polymer
clectrolvte allows the solid polvmer clectrolyvte to function well in an anode, cathode and
as a standalone diclectric, non-clectrochemically active clectrolyte interposed between
anode and cathode electrodes. Tlowever, in an aspect, the solid polymer electrolyvle can
vary so as to accommodate different properties that may be desired in an application. In a
non-limiting example, an electronically conductive material could be added to the solid
polymer electrolyte or integrated into the solid polymer electrolyte during its synthesis
thus increasing the clectrical conductivity of the solid polvmer clectrolyte and making it
suitable for use in an clectrode and reducing and or climinating the need for additional
clectrical conductive additives in such an electrode. If so used, such a formulation would

not bc appropriate for use as a standalone diclectric, non-clectrochemically  active
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electrolyie interposed between anode and cathode electrodes as it is electrically conductive
and would act to short the battery,

I'urther, use of the solid polymer electrolyte in an anode, cathode and as a
standalone dielectric, non-electrochemically active electrolyte interposed between anode
and cathode clectrodes cnables a battery designer to take advantage of the thermoplastic
nature of the solid polymer electrolvte. The standalone dielectric, non-clectrochemically
active clectrolyte can be thermoformed onto the anode or cathode by being heated and
fixed thereto, such as in a lamination process, or by being co-extruded and thus formed
together with the electrode. In an aspect all three battery components include the solid
polymer electrolyte and are thermoformed together or coextruded to form a battery.

[lectronic conductivity of the synthesized material 1s measured using potentiostatic
method belween blocking electrodes, and was determined to be 6.5 x 107 S/em or less
than 1 x 10™ S/em.

Diffusivity measurements were conducted on the synthesized material PGSE-
NMR measurcments were made using a Varan-S Direct Drive 300 (7.1 T) spectrometer.
Magic angle spinning technique was used to average out chemical shift anisotropy and
dipolar interaction. Pulsed gradient spin stimulated echo pulse sequence was used for the
self-diffusion (difTusivity) measurements. The measurements ol the sell-dilTusion
coelficients for the cation and anion in each material sample were made using 'H and 'Li
nuclei, respectively. The material cation diffusivity D ('Ti) of 0.23 x10” m?/s at room
temperature, and the anion diffusivity D ('H) of was 0.45 x10” m™/s at room temperature.

In order to determine the degree of 1on association which would decrease the
conductivity of the material, the conductivity of the material is calculated via the Nernst-
Einstein cquation, using the measured diffusion measurements, it was determined the
associated calculated conductivity to be much greater than the measured conductivity. The
dilTerence was on average at least an order of magnitude {or 10x). Thereflore, 1t is believed
that conductivity can be improved by improving ion dissociation, and the calculated
conductivities can be considered within the range ol conductivity.

The cation transference number can be estimated via equation (1) from the

diffusion cocfficient data as:

t— = D=/D++ D-) (1)
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where D+ and D- refer to the diffusion coelticients of the 1.1 cation and TFSI
anion, respectively. Trom the above data, one obtains a t1 value ol about 0.7 in the selid
ionically conductive polymer material. This property ol high cation translerence number
has important implications to battery performance. [deally one would prefer a - value of
1 0, meaning that the Li ions carry all the electric current. Anion mobility results in
clectrode polarization effects which can limit battery performance. The calculated
transference number of 0.7 is not believed to have been observed in any liquid or PEQO
based clectrolyte. Although ion association may affect the calculation, clectrochemical
results conflirm the transference number range of between 0.65 and 0.75.

It is believed that the t1 is dependent on anion difTusion as lithium cation diltusion
1s high. As the cation diffusion 1s greater than the corresponding anion diffusion the cation
translerence number 1s always above 0.5, and as the anion 1s mobile the cation
transference number must also be less than 1.0 1t 1s believed that a survey of lithium salts
as lonic compounds would produce this range of cation transference numbers greater than
05 and less than 1.0. As a comparative example, some ceramics have been reported to
have high diffusion numbers, however such ceramics only transport a single ion, therefore

the cation translerence number reduces to 1.0 as the D- 1s vero,

Examplc 2

Lithium cobalt oxide (1.1CoO:)( “T.CO7) cathodes were prepared containing the
synthesized malterial from Example 1. The cathodes used a loading of 70% 1.CO by
weight which is mixed with the solid ionically conductive polymer material and an
electrically conducting carbon. Cells were prepared using lithium metal anodes, porous
polvpropylenc scparator and a standard Li-ion liquid clectrolvte composed of LiPFg salt
and carbonate-based solvents.  The cells were assembled in a dry glovebox and cyele
tested.

The capacity in terms of the weight in grams of LCO used in these cells is
displayed in T'IG. 2. Tt can be seen that the capacity was stable when charged to 4.3 V, and
consistent with the target ol 0.5 equivalents ol [i removed [rom the cathode during
charging. The cell was also cycled to a higher charge voltage ol 4.5V, which utilizes a
higher percentage of lithium [rom the cathode, and resulted in the high capacity of > 140

mAh/g. The slight drop in capacity with cvele number observed for the 4 5V charge tests
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is consislent with decomposition (i.e. non-stable) of the liquid electrolyte at this higher
voltage. Overall, the perlormance of the 1.CO cathode containing the material of the

present invention 1s favorably comparable to a slurry coated 1.CO cathode.

Example 3

Additional solid ionically conductive polyvmer materials are listing in Table 3.
along with the material synthesized and described in Example 1 (PPS-Chloranil-Li TFSI),
which were prepared using the synthesis method of Example 1, along with their reactants

and associated ionic conductivity (1S method) at room temperature.

Table 3:
Polvmer Dopant lonic Compound (W1t's) lonic Conductivity
(basc) (S/cm)
PPS Chloranil LiTFST (12) 6.0FE-04
PPS Chloranil LiTISI(4) LiBOB(1) 2.21:-04
PPS Chloranil LiTFST (10) [.1BOB(1) 7.3E-04
PPS Chloranil LiTFST (10) [.1BOB(1) 3.7E-04
PPS Chloranil Lil'SI(10) LiBOB(1) 8 8L-04
PPS Chloranil LiTFSI(3) LiFST (5) 1.1BORB(1) 1.3E-03

Vartous physical properties ol the solid ionically conductive polymer materials are
measured and 11 1s determined that the solid ionically conductive polymer materials: the
electronic area specilic resistance 1s greater than Ix! 0’ Ohm-cmz; can be molded to
thicknesses from 200 micrometers down to 20 micrometers; possesses signilicant 1onic
mobility to very low temperatures, e¢.g. -40°C, and have ionic conductivities at room
temperature greater than 1 0E-05 Siem, 1 0E-04 Sicm, and 1.0E-03 S/cm, and these ionic
conductivities include lithium as one of the mobile ions being conducted through the solid

ionically conductive polymer material.

[Fxample 4

To demonstrate the ability of the solid polymer electrolyte to be combined with a
lithtum 1on electrochemically active material, anodes were prepared with materials such as
graphite (meso-carbon micro beads), silicon, tin, and lithium titanate (Li;Tis0, LTO).

These materials were chosen for evaluation since they are currently cither being used in
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commercially available Li-ton cells, or are actively being researched for application to Li-
ion anodes. In each case, solid polvmer electrolyte material was added to the active anode
material and an anode was prepared. These anodes were then tested by cycling versus a
lithtum metal anode with polypropylene separator and standard liquid electrolvle. Results
of this testing are presented in FIGs. 3 and 4 FIG. 3 displays a cvele test of a Tin anode
combined with the solid polymer clectrolyte. The LifSn and solid polymer clectrolvte coin
cell is discharged at a constant current of 0.5 mA, and charged at a constant current of 0 2
mA. FIG. 4 displays a cycle test of a Graphite anode combined with the solid polymer
electrolyte. The Li/Graphite and solid polymer electrolyvle coin cell 1s discharged at a
constant current of 0.5 mA, and charged at a constant current of 0.2 mA,

In each case, the solid polymer electrolyle was found to be compatible with the
anode materials and demonstrates the utility of the solid polymer electrolyte in preparing
both cathodes and anodes for lithium ion cells. Furthermore, the solid polymer electrolyte
has been shown to be stable either as a stand-alone ionically conductive electrolvte and
separator, or in combination with standard Li-ion separator and liquid clectrolyte. This
flexibility in cell design provides an advantage to battery manufacturers where the battery
chemistry, design and overall cell performance can be tailored to meet specilic device

requirements.

LExample 5

To demonstrate the solid polymer clectrolyte is stable at and can enable high
voltage batteries, coin cells were constructed using lithium metal anodes. The solid
polvmer clectrolvte is cut into a disk to completely cover a lithium metal disk, and a
titanium metal disk is used as a blocking clectrode. The coin cell of this Li/ solid polymer
electrolyte ("SPIY7) /T1 construction was prepared in an Argon-filled glovebox with very

low water content, to prevent the reaction ol the lithium electrode with moisture.
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The Li/SPE/Ti coin cell was then placed on cyclic voltammetry (CV) test, where
the voltage of the cell 1s varied at a constant scan rate (in this case, 2 mV/sec) between set
voltage limits of -0.5V and 5.5V. The current 1s measured [or the cell and plotted as a
function ol the voltage, as displayed in FIG. 5, which displays cyclic voltammetry of the
Li/SPE/T1 cell, at a scan rate of 2 mV/sec, cycled between the voltage limits of -0.5 V and
5.5 V. This test is uscful to simulate the use of the SPE in a high voltage cell in which the
charged battery voltage extends upwards greater than 4.2 V and up to at least 5 5V,

As can be seen in the cvelic voltammetry curve in FIG. 5, there are strong anodic
and cathodic waves, near 0 V, which are attributed to the plating and stripping of lithium
metal. Below 0 V, the negative current indicates that lithium metal 1s plating onto the
stainless steel disk. Shightly above 0 V. the positive current is due to the stripping-ofl of
lithium metal [rom the stainless steel disk. These waves are very important in that they
demonstrate the ability of the solid polymer clectrolyte to transfer lithium ions through the
clectrolvte, which is necessary for the operation of any lithium anode secondary battery.
Just as important as the Li plating and stripping waves, is the absence of other waves in
the CV curve  This test demonstrates that the polvmer clectrolvte is stable within this
voltage window (up lo or exceeding 5.5 V) and would be similarly stable in a battery
where the charged or operating vollage extends to 5.5V or greater.

Typical Lithium ion (“Li-lon™) batteries are limited in voltage range by the liquid
electrolytes used in these systems. [Li-ion electrolyvles typically containing carbonate-
based solvents, for example: propylenc carbonate, cthylene carbonate, dimethyl carbonate,
diethyl carbonate, cthyl methyl carbonate, ete | limit the positive voltage of the battery.
Typically, batteries of this nature can only be charged to 4.3 V, because the liquid
clectrolvte starts to oxidize and decompose above this potential — The use of the solid
pelymer electrolyte in lithium-based batleries enables charging to a higher voltage, which
in turn will increase the amount of energy stored in the batlery and lead 1o longer battery
run-time. Charging to a higher voltage will also enable the use ol higher voltage cathodes,
such as lithium cobalt phosphate, NCM and other new cathode materials [or lithium ion
cells that have clectrochemical potentials relative lithium metal greater than 43V, The
rescarch on these new high voltage cathodes has been hindered by a lack of stable
clectrolvtes at voltages greater than 43 V. The solid polymer clectrolvte solves this

problem by providing a lithium i1on conductive clectrolyte which is stable at high voltages.
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Comparative ixample 6.

As a comparison to the cyclic voltammetry displayed in FIG. 5, a Current-Voltage
("CV7) curve was measured for a [.1/Stainless Steel cell containing liquid electrolyte (FC-
DMC-DEC and VC with LiPF, salt) and a polypropylene separator (from Celgard). The
curve is displaved in FIG .6

As can be scen in the CV curve for the liquid clectrolyte comparison cxample, a
cathodic peak appears on the positive scan (as indicated by the arrow) which is attributed
to the decomposition ol the liquid electrolvle at a voltage above 4 V. This comparison
shows that the liquid electrolyte is prone to decomposition, while the polymer electrolyte

15 stable at high voltage and does not decompose, as 1llustrated in Fxample 5.

Example 7

Referring to FIG. 7, there is shown a test battery with the solid polvmer electrolvte
interposed between two strips of lithium metal. The Li/ solid polvmer clectrolyte /Li cells
were constructed in an inert atmosphere and lithium was transterred by applying constant
current to the cell for a period of time (in this example, the period of time was 1 h). The
current was then reversed and the lithtium was transferred in the opposite direction. FIG. 8
shows a plot of the voltage V relative time of a cell with > 320 charge-discharge cycles,
using a current density of 0.5 mAsem? and tested al room temperature. In this example,
the current is held constant and the voltage 1s measured, as can be scen on the y-axis of
FIG. 8 The voltage displaved by the cell during the constant current test depends on the
polarization of the cell, which is related to the overall resistance of the cell (i e the higher
the resistance of the cell, the larger the change in voltage, or higher polarization). The
overall resistance ol the cell 1s due to the bulk resistance of the solid polymer electrolyte
plus the interfacial resistance ol the polymer electrolyle in contact with the lithium metal
surfaces. The FIG. 8 plot shows that the polarization ol the cell 1s relatively constant [or
the entire test. The results ol this test [urther demonstrales the stability of the polymer
clectrolvte, where 1565 microns of lithium were transferred over the entire test, and the
lithium metal electrodes were only about 85 microns in thickness to begin. These results

demonstrate that the solid polvmer clectrolyte has the capability to transter large amounts
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ol lithium with high stability. FIG. 8 plot voltage 1s above 1.0 V as the cell is put in series

with a NiMIT cell during testing.

[xample 8

To demonstrate the utility of the solid polymer clectrolvte in high voltage batteries,
cells were constructed using lithium metal anodes (20 micrometers or less in thickness),
solid polymer clectrolyte and lithium cobalt oxide cathodes containing the solid polymer
clectrolvte. The lithium cobalt oxide, LICoQO; ("LCQO™), is uscd since this is a high voltage
cathode material with a charged voltage over 4 V. The use of lithium metal anodes
increases the energy density ol the battery, since lithium metal has much higher capacity
than a lithiated graphite electrode that 1s typically used in a Li-ion battery. The theoretical
capacity of lithiated graphite 1s 372 mAh/g, while lithium metal has a capacity ol 3860
mAh/e  more than ten times the capacity of graphite anodes.  Coin cells of the
LI/SPE/LCO configuration were cycle tested and demonstrated good performance, as
displaved in FIG 9, which shows clectrochemical impedance spectroscopy (ELS) of the
bipolar LI/SPE/L1 Battery.  FI1(G. 9 shows the EIS initially, the EIS after 1 month of
storage, alter 2 months of storage, and alter 3 months ol storage.

The capacity of the [.i1CoO; used in these cells was 134 mAh/g, which corresponds
to the target 0.5 equivalents of L.i removed [rom the cathode during charging. The cycling
etficiency lor lithium was found 1o be over 99%, which malches or exceeds that found for
liquid electrolyte systems. Cycling efficiency is calculated by counting coulombs over a
single cycle and comparing the charge and discharge cveles to calculate the efficiency
({(charge out/ charge into battery) times 100). Overall, these results demonstrate the
function of the solid polymer electrolvte as an electrolyvte tor high voltage lithium-based
battery systems,

The density of the lithium deposited onto the anode current collector during batlery

charging was measured and determined to be greater than 0.4 g/cc.

Example 9
The stability of the Li/ solid polymer electrolyte /LCO cells were tested on open
circuit storage.  This test utilized fully charged Li/SPE solid polvmer clectrolyte LCO

cells, as described in Example 8, and stored the cells for a two-week period at room
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temperature. The cells displaved good voltage stability, as displayed in FIG. 10.
Following the 2 weeks ol open circuit storage, the cells were [ully discharged and the
discharge capacity was compared to the cell performance prior to storage. Both cells
displayed 84 to 85% ol pre-storage discharge (greater than 80%), demonstrating low sell-
discharge during the two-week storage, and further demonstrating the stability of the high

voltage Li/ SPE /LCO battery system.

Example 10

The solid polymer electrolyle of ixample 3, specitically PPS/Chloramil/I.iTTSI-
LiTSI-[.IBOB, was used to make a secondary lithium cell. The cell comprised a lithium
metal anode, the solid polymer electrolvle was interposed between the anode and a slurry
cathode. The slurry cathode also comprised the solid polvmer electrolyle and the cathode
is manufactured using a stepwise process. The process initially includes a polyvinvlidene
difluoride (PVDF) binder in a solvent such as A-Mcthyl-2-pyrrolidone (NMP) or
Dimethylacetamide (DMA). Electrically conductive carbon and graphite and the solid
polvmer clectrolyte are then added in a first mixing step in which the carbon and solid
polymer electrolyte remain stable and insoluble in the binder solvent. This first mixture 1s
then mixed in a second mixing step with a electrochemically active cathode material such
as Lithium cobalt oxide (1.i1CoO;)( “1.CO7) to create a slurry mix which 1s then coated
onto a cathode collector. After a drving step in which the binder solvent 1s driven out of
the cathode, the cathode 1s calendared to create a high density cathode.

Table 4 details composition ranges tor cach of the cathode components included in

the described slurry cathode process.

Table 4

Cathodc Componcnt Wit.%%
Electrochemically Active Malernial 70-90
Solid Polvmer Llcetrolyte d-13
Electrically conductive carbon [-3
Electrically conduclive graphite 1-5
Binder 3-3

The high density cathode is about 15 o 115 micrometers in thickness, and has a

cathode coating density in the range of 1.2 to 3.6 g/cc.
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The high densily cathode is then added to the described secondary lithium cell and
displays signilicant performance. Specifically, the lithium cell displays voltage stability
above 5.0V to at least 5.5V (greater than 4.1V and 4.5 V). the lithium metal can be cycled
through the solid polymer electrolyie a rates greater than 0.5 mA/em®, 1.0 mA/em” and to
at least 1.5 mA/em’ at room temperature, while also being able to evele lithium in excess
of an areal capacity of 3.0 mAh/em’ for ereater than 10 cyeles, and greater than 18.0
mAh/em’; being cyceled for greater than 150 cyeles at 1.0 mA/em” and 0.25 mAhiem’™
having greater than 80% depth of discharge of the lithium ancde (1. fraction of the
lithium metal present that is cycled, and over 70% depth of discharge [or at least 10 cycles
at 0.5 mA/em” and 3 mAh/em?; and produces plated lithium on the anode current collector
greater than 0.45g/cc (greater than 0.4 gice) thus maintaining battery volume with little to
no swelling.

While the invention has been described in detail herein in accordance with certain
aspects thereof, many modifications and changes thercin may be affected by those skilled
in the art without departing from the spirit of the invention. Accordingly, it is our intent to
be limited only by the scope of the appending claims and not by way of the details and
instrumentalities describing the embodiments shown herein.

[t 15 to be understood that variations and modilications can be made on the
atorementioned structure without departing from the concepts of the present invention,
and [urther it 15 to be understood that such concepts are intended to be covered by the

following claims unless these claims by their language expressly state otherwise.
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CLLATMS

What 1s claimed 1s:
1. A battery comprising;

an anode comprising a first electrochemically active material ;
a cathode comprising both a sccond clectrochemically active material and a first
clectrolvte;

a sceond clectrolyte interposed between the anode and the cathode:
wherein at least one of the first electrolyle and second electrolyle comprises a solid
polymer electrolyte:

wherein the solid polymer electrolyte has a glassy state, and comprises both at least
one cationic and anionic diffusing 1on, wherein at least one cationic diffusing ions

comprises lithium and wherein at least one diffusing ion is mobile in the glassy state.

2 The battery of claim 1, wherein the solid polvmer electrolyte comprisces:

a crystallinity greater than 30%;

wherein the glassy state extends in a range ol temperatures of the solid polymer
electrolyte [rom a melting temperature of the solid polymer electrolyte 1o a temperalure

lower than the melting temperature.

3 The battery of claim 2, whercin the solid polvmer clectrolyte further comprises a

plurality of charge transter complexes.

4 The battery of claim 3, whercin the solid polymer clectrolvte comprises a plurality

ol monomers, and wherein each charge transler complex 1s positioned on a monomer.

5. The battery of claims 1 or 4, wherein the electronic conductivily of the solid

polymer electrolyte is less than 1 x 107 $/em at room temperature.

6 The battery of claim 1, wherein the solid polvmer electrolyte comprisces:

a plurality of monomers;
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a plurality ol charge transler complexes, wherein each charge transfer complex 1s
positioned on a monomer,
wherein the electronic conductivity ol the solid polymer electrolyte 1s less than

1 x 10 $/em at room temperature.

7. The battery of claim 6, whercin the crystallinity of the solid polymer clectrolvte is

greater than 30%.

8. The battery of claim 6, wherein the solid polymer electrolvle has a glassy state
which exists al temperatures below the melting temperature of the solid polymer
electrolyle.

9 The battery of claim 6, whercin the solid polvmer clectrolyte further comprises
both a cationic and anionic diffusing ion, whereby at least one diffusing ion is mobilc in a
glassy statc of the solid polymer electrolvte, and whercin the crystallinity of the solid

polvmer clectrolyte is greater than 30%.

10. The battery of claim 1, wherein the melting temperature of the solid polymer

electrolvie is greater than 250°C.

I The battery of claim 1, wherein the solid polvmer electrolyte is a thermoplastic.

12. The battery of claim 13, whercin the ionic conductivity of the solid polymer

clectrolvte 1s isotropic.

13. The battery of claim 1, wherein the solid polymer electrolyvte 1s non-flammable.

14. The battery of claim 1, wherein the Young's modulus of the solid polymer

clectrolvte 1s equal to or greater than 3.0 MPa
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15 The battery of claim 6, wherein the solid polymer electrolyte has a glassy state, and
at least one cationic and at least one anionic diffusing ion, wherein each diffusing ion is

maobile in the glassy state.

16 The battery of claim 1, wherein the ionic conductivity of the solid polyvmer

clectrolyte is greater than 1.0 x 10 7 S/em at room temperature.

17. The battery of claim 1, wherein the solid polymer electrolvte comprises a single

cationic difTusing 1on, wherein the single anionic diffusing ion comprises lithium, and
. ‘o - . . e . . -12 2

wherein the diflusivity of the cationic diffusing ion is greater than 1.0 x 10 " m%/s at room

lemperalure.

18 The battery of claim 1, wherein the solid polymer electrolvte comprises a single
anionic diffusing ion, and wherein the diffusivity of the anionic diffusing ion is greater

than 1.0 x 10 """ m"/s at room temperature.

19, The battery of claim 2, wherein one ol the at least cationic diffusing i1on, has a

difTusivity greater than 1.0 x 10 ™ m’s.

20.  The batlery of claim 2, wherein one of the at least one anionic diltusing ion has a

diffusivity greater than 1.0 x 107 m’/s.

21 The battery of claim 2, wherein one of both the at least one anionic diffusing ion

. . Cpvn e . Con e -t 2
and at least one cationic diffusing ion has a diffusivity greater than 1 0x 10 7" m™/s.

22. The battery of claim 1. wherein the solid polymer electrolvte has an ionic

conductivity greater than 1 x 10™ S/cm at room temperature.

23. The battery of claim 1, wherein the solid polymer clectrolyte has an ionic

conductivity greater than 1 x 107 S/em at 80°C.

|S]
Lad
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24, The battery of claim 1. wherein the solid polymer electrolvte has an ionic

conductivity greater than 1 x 107 S/em at -40°C.

25.  The battery ol claim 1. wherein the concentration of lithium 1s greater than 3 moles

of lithium per liter of solid polymer clectrolvte.

26. The battery of claims 2, wherein cach at least one cationic and anionic diffusing
ion have a diffusivity, wherein the cationic diffusivity is greater than the anionic

difTusivity.

27.  The battery of claim 1, wherein the cationic transference number of the solid

polymer electrolyte is greater than 0.5 and less than 1.0

28. The battery of claim 2, wherein at least one diffusing anion is monovalent
29. The battery of claim 2, wherein at least one anionic diffusing ion comprises

fluorine or boron.

30. The battery of claim 2, wherein the solid polymer electrolyle comprises a plurality

ol monomers and wherein there is at least one anionic dilTusing 1on per monomer,

31 The battery of claim 2, whercin the solid polymer clectrolvte comprises a plurality

of monomers and wherein there is at least one cationic diffusing ion per monomer.

32, The battery of claim 1, wherein there is at least one mole of the lithium per liter of
solid polymer electrolyte.
33. The battery of claim 1, wherein the solid polymer electrolyle comprises a plurality

of monomers, whercin cach monomer comprises an aromatic or heterocyelic ring structure

positioned in the backbone of the monomer.
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34, The battery ol claim 38, wherein the solid polymer electrolyvte [urther includes a
heteroatom incorporated in the ring structure or positioned on the backbone adjacent the

ring structure.

35 The battery of claim 39, whercin the heteroatom is selected from the group

consisting of sulfur, oxvgen or nitrogen.

36 The battery of claim 40, whercin the heteroatom is positioned on the backbone of

the monomer adjacent the ring structure.

37. The battery of claim 41, wherein the heteroatom 1s sullur,
38 The battery of claim 1, wherein the solid polvmer electrolvte is pi-conjugated.
39 The battery of claim 1, whercin the solid polymer clectrolvte comprises a plurality

of monomers, wherein the molecular weight of each monomer is greater than 100

grams/mole.

40.  The battery of claim 6, wherein the charge transler complex is formed by the
reaction of a polymer, electron acceplor, and an ionic compound, wherein each cationic

and anionic diffusing ion is a reaction product of the ionic compound.

41 The battery of claim 2, whercin the solid polymer electrolyvte 1s formed from at
least one ionic compound, wherein the ionic compound comprises cach at least one

cationic and anionic diffusing ion.

42. The battery of claims 3 or 6, wherein the charge transfer complex 1s formed by the

reaction of a polymer and an electron acceptor.

Ll
N
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43.  The battery of claim 1, wherein the solid polymer electrolyte becomes ionically
conductive alter being doped by an electron acceptor in the presence of an ionic
compound that either contains both a cationic and anionic dilfusing ion or 1s convertible

into both the cationic and anionic difTusing 1on via reaction with the electron acceptor.

44 The battery of claim 1, wherein the solid polymer clectrolyte is formed from the

reaction product of a basc polymer, clectron aceeptor and an ionic compound.

45, The battery of claim 42, wherein the base polymer i1s a conjugated polymer,

46. The battery of claim 42, wherein the base polymer 1s PPS or a liquid crystal
polymer.

47. The battery of claim 1, wherein both the first and sccond electrolyte comprise the

solid polvmer clectrolyte, wherein the electronic conductivity of the second clectrolyte 1s

less than | x 107 S/em at room temperature.

48. The battery ol claim 1, wherein both the [irst and second electrolyte comprise the

solid polymer electrolyte.

49 The battery of claim 1, wherein the anode comprises a third clectrolyte, and

wherein the third clectrolvte comprises the solid polymer electrolvte.
50 The battery of claim 1, wherein the sccond electrolvte comprises the solid polymer
electrolyte and 1s formed into a film, wherein the thickness ol the [ilm 1s between 200 and

15 micromelers.

51. The battery of claim 2, wherein the second electrochemically active material

comprises an intercalation material

52. The battery of claim 2, wherein the second clectrochemically active material

comprises a lithium oxide comprising nickel, cobalt or manganesc.
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53.  The battery of claim 2. wherein the second electrochemically active material has an

electrochemical potential greater than 4.2 volts relative lithium metal.

54, The battery of claim 2, wherein the cathode has an electrode potential greater than

4.2 volts relative lithium metal.

55.  The battery ol claim 1, wherein the second electrochemically active material 1s

intermixed with an clectrically conductive material and the solid polymer clectrolyvte.

56. The battery of claim 53, whercin the clectrically conductive material comprises
carbon.
57. The battery of claim 1, whercin the cathode comprises 70-90 percent by weight of

the second electrochemically active material,

58. The battery of claim 1, wherein the cathode comprises 4-15 percent by weight of

the solid polymer electrolyte.

59. The battery of claim 1, wherein the cathode comprises 2-10 percent by weight of

an electrically conductive material.,

60. The battery of claim 57, whercin the clectrically conductive material comprises
carbon.

6l The battery of claim 1, wherein the cathode is formed from a slurry.

62. The battery of claim 1, wherein the cathode is positioned on a cathode collector.
63.  The battery of claim 1, wherein the second electrochemically active material

comprises a lithium oxide or a lithium phosphate that contain nickel, coball or manganese.
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64, The battery of claim 1, wherein the second electrochemically active material
comprises a lithium intercalation material, wherein the lithtum intercalation material

comprises lithium,

65 The battery of claim 64, wherein the lithium intercalation material comprises
Lithium Nickel Cobalt Aluminum Oxide; Lithium Nickel Cobalt Manganese Oxide;
Lithium Iron Phosphate:; Lithium Manganese Oxide; Lithium cobalt phosphate or lithium

manganese nickel oxide, Lithium Cobalt Oxide, LiTiS;, LiINiQO;, or combinations thercof.

66.  The battery of claim 1, wherein the second electrochemically active material
comprises an electrochemically active cathode compound that reacts with lithium n a

solid state redox reaction.

67. The battery of claim 66, wherein the clectrochemically active cathode material

comprises a metal halide; Sulfur; Sclenium; Tellurium; lodine; Fe§, or LiS.

68.  The ballery of claim 65, wherein the lithium intercalation material comprises
Lithium Nickel Cobalt Manganese Oxide, wherein the alomic concentration ol nickel in
the Lithium Nickel Coball Manganese Oxide 1s greater than the atomic concentration of

cobalt or manganese.

69. The battery of claim 1, whercin the first clectrochemically active material

comprises an intercalation material
70.  The ballery of claim 69, wherein the anode further comprises the solid polymer
electrolyte, wherein the first electrochemically active malterial 1s mixed with the solid

polymer electrolyte.

71 The battery of claim 1, whercin the first clectrochemically active material

comprises lithium metal.
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72. The battery of claim 1, further comprising an anode current collector in ionic
communication with the anode, wherein lithium deposits on the anode current collector

when the battery 1s charged.

73. The battery of claim 72, whercin the density of the lithium deposited on the anode

current collector 1s greater than 0.4 gfce.

74 The battery of claim 1, further comprising an anode current collector in ionic
communication with the anode, wherein the electrolvie 1s positioned adjacent the anode

current collector.

75, The battery of claim 69, wherein the first electrochemically active material
comprises Silicon, Tin, antimony, lead, Cobalt, lron, Titanium, Nickel, magnesium,
aluminum, gallium, Germanium, phosphorus, arsenic, bismuth, zine, carbon and mixturcs

thercof

76.  The battery of claim 1, wherein the second electrochemically active material
comprises an intercalation material, wherein the first electrochemically active material

comprises lithium metal.

77 The battery of claim 76, wherein the charged voltage of the battery is greater than
4.1 volts.
78 The battery of claim 76, wherein the charged voltage of the battery is greater than
4.5 volts.
79. The battery of claim 76, wherein the charged vollage of the battery is greater than
5.0 volts.
80 The battery of claim 1, whercein lithium is cycled between the anode and cathode at

I 2
a rate greater than 0.5 mA/em” at room temperature.
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81.  The battery ol claim 1, wherein lithium is cycled between the anode and cathede at

: 2
a rate greater than 1.0 mA/scm” al room temperature.

82.  The battery ol claim 72, wherein the lithium 1s cycled between the anode and

cathode for greater than 150 cveles.

83 The battery of claim 1, whercein lithium is cycled between the anode and cathode at

a rate greater than 3.0 mAh/em” at room temperature for greater than ten cyeles.

84.  The battery ol claim 1, wherein lithium is cycled between the anode and cathede at

a rate greater than 18.0 mAh/em’,

85 The battery of claim 1, whercein lithium is cycled between the anode and cathode at

- 2 . -
a rate greater than 0.25 mAh/em” at room temperature for greater than 150 cveles.

86 The battery of claim 1, further comprising an anode current collector, wherein
lithium 1s plated onto the anode current collector when the battery 1s charged, wherein the

density of the lithium plated onto the anode current collector 1s greater than 0.4 gicc.

87. The battery of claim 1, wherein the lithium cycling efficiency is greater than 99%,.

88 The battery of claim 1, wherein the sccond electrolvte comprises the solid polymer
clectrolvte and is formed into a film, and wherein the first clectrolyte comprises the solid

polvmer clectrolyte, whereby the second electrolyte is attached to the cathode.

89. The battery of claim 1, wherein the second electrolyle comprises the solid polymer
electrolyte and 1s formed into a film, and wherein the anode comprises a third electrolvte,
and wherein the third electrolyte comprises the solid polymer electrolyvie, whereby the

second electrolyte 1s attached to the anode.

90. A method of manufacturing a battery comprising the steps of”

mixing a polymer with an electron acceptor to create a first mixture;
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heating the first mixture to form a reaction product comprising a plurality charge
transler complexes;
mixing at least one ionic compound comprising lithium with the reaction product

to form a solid ionically conductive polymer material.

91. The method of claim 90, further comprising including mixing an intercalation

material with the solid ionically conductive polymer matcrial to form a cathode.

92.  The method of claim 91, wherein the cathode forming step [urther includes mixing
an electrically conductive material with the intercalation material and the solid ronically

conductive polymer material.

93. The method of claim 92, wherein the cathode torming step further comprising a

calendaring step wherein the density of the cathode 1s inerecased.

94 The method of claim 90, wherein the solid ionically conductive polyvmer matcrial is

formed into a film to form a solid polvmer clectrolyte.

95. The method of claim 90, wherein the dopant 1s a quinone.

a6. The method of claim 90, wherein the polymer 1s PPS, a conjugated polymer or a

liquid crystal polymer.

a7. The method of claim 90, wherein the ionic compound is a salt, hydroxide, oxide or

other material containing lithium.

98. The method of claim 90, wherein the ionic compound compriscs lithium oxide,
lithium hydroxide, lithium nitrate, lithium  bis-trifluoromethancesulfonimide,  Lithium
bis{[Tuorosulfonylyimide, Lithium bis(oxalato)borate, lithium trifluoromethane sullonate),
lithtum hexalluorophosphate, lithium tetralluoroborate, or lithium hexafluoroarsenate, and

combinations thereol
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99, The method of claim 90, wherein in the heating step the first mixture 1s heated to a

temperature between 250 and 450 deg. C.

100, The method ol claim 91, wherein the cathode is positioned adjacent an electrically

conducting cathode current collector to form a cathode assembly.

101 The method of claim 100, wherein the solid ionically conductive polvmer material

is formed into a film to form a solid polyvmer clectrolyte.

102, The method of claim 101, [urther comprising an electrically conducting anode
current collector and an enclosure, and further comprising an assembly step wherein the
solid polymer electrolyie 1s positioned between the anode current collector and the cathode
assembly to [orm a baltery assembly, and the ballery assembly is placed within the

cnclosure.

103 The method of claim 90, wherein the battery further comprises a anode and a
cathode, wherein the solid ionically conductive polymer material is formed into a film to
form a solid polymer electrolvte, further comprising attaching the film to the anode, the

cathode or both the anode and the cathode.

104, The method of claim 103, wherein in the attaching step the film 1s coextruded with

either the anode, cathode or both the anode and the cathode.

42
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CLAIMS
What is claimed is:
1. An electrode useful in an electrochemical cell comprising:
an electrochemically active material;
an electrically conductive material;
a solid ionically conductive polymer electrolyte; and
a binder;

wherein the binder is dispersed in an aqueous solution.

2. The electrode of claim 1, wherein the binder is soluble in an aqueous solution.

3. The electrode of claim 1, wherein the binder is partially soluble in an aqueous solution.

4, The electrode of claim 1 further comprising a lithium,

5. The electrode of claim 1, wherein the electrochemically active material comprises a
graphite.

6. The electrode of claim 1, wherein the electrochemically active material is in an amount

having a range of 70-90 wt. % of the electrode.

7. The electrode of claim 1 further comprising an electrically conductive current collector

which is in electrical communication with the electrically conductive material.

8. The electrode of claim 1 further comprising a second binder which is soluble in an aqueous
solution.
9. The electrode of claim 1, wherein the solid ionically conductive polymer electrolyte is in an

amount having a range of 52-15 wt.% of the electrode.

10. The electrode of claim 1, wherein the solid ionically conductive polymer electrolyte has an

ionic conductivity of at least 1x10* S/cm.
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11.  The electrode of claim 1, wherein the solid ionically conductive polymer electrolyte has a

crystallinity of at least 30%.

12. The electrode of claim 1, wherein the solid ionically conductive polymer electrolyte has a

cathodic transference number greater than 0.4 and less than 1.0.

13. The electrode of claim 1, wherein the solid ionically conductive polymer electrolyte is in a
glassy state.
14. The electrode of claim 1, wherein the electrochemically active material, the electrically

conductive material, the solid ionically conductive polymer electrolyte and the binder comprise a

plurality of dispersed, intermixed particulates.

15. The electrode of claim 1,
wherein the electrode further comprises an electrically conductive current collector; and

wherein the electrode is adhered to the electrically conductive current collector.

16. The electrode of claim 15,

wherein the electrochemically active material, the electrically conductive material, the solid
ionically conductive polymer electrolyte and the binder comprise a plurality of dispersed,
intermixed particulates forming a mixture; and

wherein the mixture is adhered to the electrically conductive current collector by an

aqueous slurry.

17. A method of making a battery structure comprising the following steps:
selecting an electrically conductive current collector and an electrode;
wherein the electrode is comprised of an electrochemically active material,
an electrically conductive material, a solid ionically conductive polymer electrolyte, and
a binder;
mixing the electrochemically active material, the electrically conductive material, the solid
ionically conductive polymer electrolyte, and the binder in an aqueous solution to create a slurry;
positioning the slurry adjacent to the electrically conductive current collector; and

drying the slurry;

wherein the electrode adheres to the electrically conductive current collector.

-129-



WO 2019/126532 PCT/US2018/066849

1/5

e

fed
i



PCT/US2018/066849

WO 2019/126532

2/5

1
i

- ]
prsssrssasassssiieirsc I
........ BTt ]
[
B ]

Y-
: et
eerr R e L

...... e

[——————
s cosadl

R R

2 el

rones;

7

I

\\\\\\\\\\\\§\\wﬂ\.ﬂ\n\!ﬁ\\\\

™ < o)

{A} adeyon

60

30

fond
~

18

> {h)

Time



mbh/g)

I3
4
4

Graphite Capacity

WO 2019/126532

PCT/US2018/066849

Li Intercalation
.
G,
S N
Li Deintercalation S & o
3 S 7 3 11 13 15

Cycle Number



WO 2019/126532 PCT/US2018/066849

4/5

S

140 160 180

O it



Graphite Capacity {(mAh/g}

WO 2019/126532 PCT/US2018/066849

5/5

1 2 3 3 5 6 7 8 9 10
Cycle Number



INTERNATIONAL SEARCH REPORT

International application No.
PCT/US 18/66849

A. CLASSIFICATION OF SUBJECT MATTER

CPC

IPC(8) - HO1M 10/052, HO1M 10/0565, HO1M 4/505, HO1M 4/525 (2019.01)
- HO1M 10/0562, HO1M 10/0565, HO1M 4/505, HO1M 4/525, HO1M 10/4235, HO1M 2300/0082

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

See Search History Document

Minimum documentation searched (classification system followed by classification symbols)

See Search History Document

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

See Search History Document

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category*

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

document

X US 2009/0197183 A1 (KATO) 06 August 2009 (06.08.2009), Fig 1A, 4; para [0027], (0076}, 1,4-7,9,10
- [0088), [0090}-f0O85) e
Y 2,3,8, 1117
Y US 6,455,202 B1 (MARUGAN et al.) 24 September 2002 (24.09.2002), abstract; col 2, In 35-36: | 2, 3, 8
col 3,In 14-16
Y WO 2016/196873 A1 (IONIC MATERIALS, INC.) 12 August 2016 (12.08.2016), abstract; pg 1, 11-13
In 10-17; pg 2, In 1-2; pg 3, In 28-29
Y US 5,378,560 A (TOMIYAMA) 03 January 1995 (03.01.1995), col 17, In 67-col 18, iIn 7 14, 16
US 2014/0079995 A1 (WAKADA) 20 March 2014 (20.03.2014), para [0025], [0080], [0190] 15-17
A US 2015/0364791 A1 (A123 SYSTEMS, INC.) 17 December 2015 (17.12.2015), entire 1-17

D Further documents are listed in the continuation of Box C.

D See patent family annex.

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L"  document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“O” document referring to an oral disclosure, use, exhibition or other
means

“P”  document published prior to the international filing date but later than

the priority date claimed

“T” later document published after the intemational filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

25 February 2019

Date of mailing of the intematiéna] search report

22 MAR 201

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-8300

Authorized officer:
Lee W. Young

PCT Helpdesk: 571-272-4300
PCT OSP: 571-272-7774

Form PCT/ISA/210 (second sheet) (January 2015)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - description
	Page 48 - description
	Page 49 - description
	Page 50 - description
	Page 51 - description
	Page 52 - description
	Page 53 - description
	Page 54 - description
	Page 55 - description
	Page 56 - description
	Page 57 - description
	Page 58 - description
	Page 59 - description
	Page 60 - description
	Page 61 - description
	Page 62 - description
	Page 63 - description
	Page 64 - description
	Page 65 - description
	Page 66 - description
	Page 67 - description
	Page 68 - description
	Page 69 - description
	Page 70 - description
	Page 71 - description
	Page 72 - description
	Page 73 - description
	Page 74 - description
	Page 75 - description
	Page 76 - description
	Page 77 - description
	Page 78 - description
	Page 79 - description
	Page 80 - description
	Page 81 - description
	Page 82 - description
	Page 83 - description
	Page 84 - description
	Page 85 - description
	Page 86 - description
	Page 87 - description
	Page 88 - description
	Page 89 - description
	Page 90 - description
	Page 91 - description
	Page 92 - description
	Page 93 - description
	Page 94 - description
	Page 95 - description
	Page 96 - description
	Page 97 - description
	Page 98 - description
	Page 99 - description
	Page 100 - description
	Page 101 - description
	Page 102 - description
	Page 103 - description
	Page 104 - description
	Page 105 - description
	Page 106 - description
	Page 107 - description
	Page 108 - description
	Page 109 - description
	Page 110 - description
	Page 111 - description
	Page 112 - description
	Page 113 - description
	Page 114 - description
	Page 115 - description
	Page 116 - description
	Page 117 - description
	Page 118 - description
	Page 119 - description
	Page 120 - description
	Page 121 - description
	Page 122 - description
	Page 123 - description
	Page 124 - description
	Page 125 - description
	Page 126 - description
	Page 127 - description
	Page 128 - description
	Page 129 - description
	Page 130 - claims
	Page 131 - claims
	Page 132 - drawings
	Page 133 - drawings
	Page 134 - drawings
	Page 135 - drawings
	Page 136 - drawings
	Page 137 - wo-search-report

