(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(10) International Publication Number

(43) International Publication Date WO 2019/117971 Al
20 June 2019 (20.06.2019) WIPO I PCT
(51) International Patent Classification: Street, Boston, MA 02111 (US). KOZINSKY, Boris; 9
C08G 64/40 (2006.01) HOIM 8/02 (2016.01) York Road, Waban, MA 02468 (US).
HOLB 1/06 (2006.01) (74) Agent: CARON, R'Sue; 2750 Elmwood Ave., Berkeley,
(21) International Application Number: California 94705 (US).
PCT/US2017/066887 (81) Designated States (unless otherwise indicated, for every
(22) International Filing Date: kind of national protection available). AE, AG, AL, AM,
16 December 2017 (16.12.2017) AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
(25) Filing L . Enelish CA, CH, CL, CN, CO, CR, CU, CZ,DE, DJ, DK, DM, DO,
ting Language: s DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
(26) Publication Language: English HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
i ) KR, KW KZ,LA,LC,LK,LR,LS,LU,LY, MA, MD, ME,
71 and, California 94545 (US) ROBERT BOSCH GMBp MG MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ
ward, California (US). OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
[DE/DEF; Postfach 300 220, 70442 Stuttgart (DE). SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN
(72) Inventors: AZAGARSAMY, Malar; 4425 Bidwell Dr, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
Apt 5201, Fremont, California 94538 (US). SIVANAN- (84) Designated States (unless otherwise indicated, for every

DAN, Kulandaivelu; 1270 Walleye Common, Fremont,
California 94536 (US). EITOUNI, Hany Basam; 5364
Manila Ave., Oakland, California 94618 (US). MAILOA,
Jonathan P.; 169 Monsignor O’Brien Highway, Apt 816,
Cambridge, Massachusetts 02140 (US). SAMSONIDZE,
Georgy, 3 Bayside Street, Apt. 1, Boston, Massachusetts
02125 (US). GADELRAB, Karim R.; 660 Washington

kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, [E, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

(54) Title: POLY(KETONE)-BASED POLYMER ELECTROLYTES FOR HIGH VOLTAGE LITHIUM ION BATTERIES

w0 2019/117971 A1 |0 000 000000 O 0

(57) Abstract: New poly(ketone)-based polymers have been synthesized. When
these polymers are combined with electrolyte salts, such polymer electrolytes

have shown excellent electrochemical oxidation stability in lithium battery cells.
Their stability along with their excellent ionic transport properties make them
especially suitable as electrolytes in high energy density lithium battery cells.

150mM Scatyizastong in 100mM LBRPC

©
o
e
o

0013

0.008

Q.003

CV Current Density {ma/fcm?)

250 4.00
Potential v, LIfLIT (V)

-0.0025:00 450

FIG. 1

[Continued on next page]



WO 2019/11797 1 A [IN 00000 00 0O OO0

Published:
—  with international search report (Art. 21(3))



WO 2019/117971 PCT/US2017/066887

POLY(KETONE)-BASED POLYMER ELECTROLYTES FOR
HIGH VOLTAGE LITHIUM ION BATTERIES

Inventors: Malar Azagarsamy, Kulandaivelu Sivanandan, Hany Basam Eitouni, Jonathan P
Mailoa, Georgy Samsonidze, Karim R Gadelrab, and Boris Kozinsky

BACKGROUND OF THE INVENTION

Field of the Invention

[0001] This invention relates generally to electrolytes for lithium batteries, and, more

specifically, to electrolytes that are especially suited for use in cathodes and at high voltages.

[0002] More and more lithium battery manufacturers are using next-generation cathode
materials such as NCA (lithium nickel cobalt aluminum oxide), NCM (lithium nickel cobalt
manganese oxide), and high energy NCM (HE-NCM-magnesium-rich lithium nickel cobalt
manganese oxide) in order to exploit their potentially high gravimetric energy densities (as
high as 300-500 Wh/kg), their good rate capabilities, and their long-term stability. Cells
made with such oxidic cathode materials often operate at higher voltages (e.g., as high as
4.7V) than do cells (e.g., 3.6-3.8V) with olivine cathode materials such as LFP (lithium iron
phosphate). Electrolytes that have been stable at the lower voltages of LFP cells may have
difficulty operating at the higher voltages, especially in the cathode. Degradation, in the form

of oxidation, may lead to capacity fade early in the life of a cell.

[0003] Thus, there is a need to develop electrolytes that are especially well-suited to operate

in the high voltage conditions of next generation cathode materials.

SUMMARY
[0004] In one embodiment of the invention, a polymer is described. The polymer includes a

ketone-based polymer structure described by:

O
Z
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wherein a is an integer that ranges from 1 to 10; b is an integer that ranges from 1 to 10; and n
is an integer that ranges from 1 to 1000. Each Z and Z1 is selected independently from the

group consisting of:
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wherein c is an integer that ranges from 0 to 10; each R is selected independently from the
group consisting of hydrogen, methyl, ethyl, propyl, and isopropyl groups; and each R is

selected independently from the group consisting of:
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wherein d, e, and f are integers, and each integer ranges independently from 0 to 10; and each
X is selected independently from the group consisting of hydrogen, fluorine, methyl, ethyl,

isopropyl, and trifluoromethyl groups.

[0005] In some embodiments of the invention, any of the polymers described herein are

combined with an electrolyte salt and can be used as a polymer electrolyte.

[0006] In some embodiments of the invention, any of the polymer electrolytes described

herein further includes ceramic electrolyte particles.

[0007] In some arrangements, any of the polymers described herein is crosslinked and may or

may not be combined with an electrolyte salt to be used as a polymer electrolyte.

[0008] In one embodiment of the invention, a positive electrode includes a positive electrode
active material; and a catholyte comprising any of the electrolytes described herein. The

positive electrode active material particles and the catholyte are mixed together. The

2-
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catholyte may also include a solid polymer electrolyte. The catholyte may also include
ceramic electrolyte particles. The catholyte may be crosslinked. The catholyte may contain

an electrolyte salt that is a lithium salt.

[0009] The positive electrode active material may be any of lithium iron phosphate, lithium
metal phosphate, divanadium pentoxide, lithium nickel cobalt aluminum oxide, lithium nickel
cobalt manganese oxide, magnesium-rich lithium nickel cobalt manganese oxide, lithium

manganese spinel, lithium nickel manganese spinel, and combinations thereof.

[0010] In another embodiment of the invention an electrochemical cell includes an anode
configured to absorb and release lithium ions; a cathode comprising cathode active material
particles, an electronically-conductive additive, and a first catholyte; a current collector
adjacent to an outside surface of the cathode; and a separator region between the anode and
the cathode, the separator region comprising a separator electrolyte configured to facilitate
movement of lithium ions back and forth between the anode and the cathode. The first
catholyte may include any of the electrolytes described herein. The first catholyte may also
contain ceramic electrolyte particles. The first catholyte may be crosslinked. The electrolyte

salt may be a lithium salt.

[0011] The first catholyte and/or the separator electrolyte may also contain a solid polymer

electrolyte. In one arrangement, the first catholyte and the separator electrolyte are the same.

[0012] In one arrangement, there is an overcoat layer between the cathode and the separator
region. The overcoat layer includes a second catholyte, which may be any of the electrolytes

disclosed herein. The first catholyte and the second catholyte may or may not be the same.

[0013] The anode may contain any of lithium metal, lithium alloy, lithium titanate, graphite

and silicon.

BRIEF DESCRIPTION OF THE DRAWINGS
[0014] The foregoing aspects and others will be readily appreciated by the skilled artisan
from the following description of illustrative embodiments when read in conjunction with the

accompanying drawings.

[0015] Figure 1 is a graph that shows cyclic voltammetry data for a ketone repeat structure,

according to an embodiment of the invention.
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[0016] Figure 2 is a schematic illustration of one configuration of a lithium battery cell that
contains an electrolyte that is used in both the cathode and the separator, according to an

embodiment of the invention.

[0017] Figure 3 is a schematic illustration of another configuration of a lithium battery cell
that contains a catholyte and a separator electrolyte different from the catholyte, according to

an embodiment of the invention.

[0018] Figure 4 is a schematic illustration of another configuration of a lithium battery cell
that contains a catholyte and a cathode overcoat layer, according to an embodiment of the

nvention.

DETAILED DESCRIPTION
[0019] The embodiments of the invention are illustrated in the context of ketone polymers
that can be used as electrolytes or electrolyte additives in lithium battery cells and the like.
The skilled artisan will readily appreciate, however, that the materials and methods disclosed
herein will have application in a number of other contexts where high-voltage electrolytes are

desirable, particularly where long-term stability is important.

[0020] These and other objects and advantages of the present invention will become more
fully apparent from the following description taken in conjunction with the accompanying

drawings.

[0021] All publications referred to herein are incorporated by reference in their entirety for

all purposes as if fully set forth herein.

[0022] In this disclosure, the terms “negative electrode™ and “anode” are both used to
describe a negative electrode. Likewise, the terms “positive electrode™ and “cathode™ are

both used to describe a positive electrode.

[0023] It is to be understood that the terms “lithium metal™ or “lithium foil,” as used herein
with respect to negative electrodes, describe both pure lithium metal and lithium-rich metal
alloys as are known in the art. Examples of lithium rich metal alloys suitable for use as
anodes include Li-Al, Li-Si, Li-Sn, Li-Hg, Li-Zn, Li-Pb, Li-C or any other Li-metal alloy
suitable for use in lithium metal batteries. Other negative electrode materials that can be used
in the embodiments of the invention include materials in which lithium can intercalate, such

as graphite, and other materials that can absorb and release lithium ions, such as silicon,

-
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germanium, tin, and alloys thereof. Many embodiments described herein are directed to
batteries with solid polymer electrolytes, which serve the functions of both electrolyte and
separator. As it is well known in the art, batteries with liquid electrolytes use an inactive

separator material that is distinct from the liquid electrolyte.

[0024] The following construction is used throughout this disclosure: “each variable is
chosen independently” from a list that is provided. An example of this usage can be found
with reference to X groups in some of the inventive polymer structures in which there are
many Xs. The example is, “each X may be chosen independently from hydrogen, fluorine,
methyl, ethyl, isopropyl, and trifluoromethyl groups.” This construction is used to mean that
for a particular X in the structure, any of the groups in the list may be used. In choosing a
group to use for another X in the structure, any of the groups in the list may be used with no
regard to the choices that have been made for other X groups. Thus, the following
arrangements are all possible: all the Xs may be the same, all the Xs may be different, or

some Xs may be the same and some may be different.
[0025] The molecular weights given herein are number-averaged molecular weights.

[0026] The term “solid polymer electrolyte” is used herein to mean a polymer electrolyte that
is solid at battery cell operating temperatures. Examples of useful battery cell operating

temperatures include room temperature (25°C), 40°C, and 80°C.

[0027] In this disclosure, ranges of values are given for many variables. It should be
understood that the possible values for any variable also include any range subsumed within

the given range.

[0028] Based on repeated observation of Li* interaction with other atoms in molecular
dynamics (MD) simulations, it seems that Li* coordinates with partially-negatively-charged
atoms in a polymer electrolyte or, when the Li-salt is not soluble in the polymer, with
negatively charged anions of the salt that has been added to a polymer to form the electrolyte.
With polyethylene oxide (PEO), Li* coordinates with partially-negatively-charged oxygen
atoms in the PEO. Similarly, in poly(ketone)s, Li* coordinates with partially-negatively

charged oxygens in the carbonyl groups.

Polv(ketone):

[0029] In some embodiments of the invention, the general structure of a ketone-based
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polymer is shown below. The ketone-based polymer has functional side chains Z and Z: that

can be attached either directly as shown or through extendable alkyl chains (not shown).

0
4
\{“CHZ/M-)a—lBCHZ—R-};]
Z4
(a: 0-10) (b: 1-10)

[0030] Each Z, Z1, and R is chosen independently from the lists below; a is an integer that

ranges from O to 10; b is an integer that ranges from 1 to 10; and n is an integer that ranges

from 1 to 1000.
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[0031] For Z and Z1, ¢ is an integer that ranges from O to 10, and R1 may be hydrogen,
methyl, ethyl, propyl or isopropyl.
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[0032] For R, d, e and fis each an integer that ranges independently from O to 10, and each X

may be chosen independently from hydrogen, fluorine, methyl, ethyl, isopropyl, and

trifluoromethyl.

[0033] In another embodiment of the invention, particles of ceramic electrolyte are mixed

into a poly(ketone)-based polymer electrolyte to form an enhanced composite electrolyte with

superior ionic transport and mechanical properties. Such a composite electrolyte may be used

in a lithium battery cell in the separator region or in the cathode. Examples of ceramic

electrolytes that are useful for mixing with poly(ketone)-based polymer electrolytes include,

but are not limited to, those shown in Table 1 below.

Table 1

Exemplary Ceramic Conductors for Use as Additives in

Poly(ketone)-Based Polymer Electrolytes

Electrolyte Type

Exemplary Formulas

Mixture Proportion

Oxynitride glass

LixPOyN; x=2.9,y=3.3,2z=0.46 0.24<z<1.2

Li\BOyN,
Sulfide and oxysulfide | [i,S « P,Ss 0.75:0.25
glass Li,S  SiS, 06:04

Li2S @ SiS; » LixMO4 M=Si, P, Ge

0.57:0.38: 0.05

LizS L4 SiSz L4 Li3PO4

0.63:0.36:0.01

Li2S @ SiS;  xMSy M=5Sn, Ta, Ti

0.6:0.4:0.01-0.05

LiS ® SiS;  LisN

0.55:0.40:0.03

Li thionitride glass

LizsN  SiS;

0.4:0.6

LLTO Perovskite
structure (Ohara type)

Laz/3xLisxTi03 0.03<x<0.167

Lai/sxlisxTaO3 0.025<x<0.167

La1/3«LisxNbO3; 0<x<0.06

Nasicon-type (Lisicon)
phosphate

Li13Ti1.7Alo3(PO4)3

LiAITa(PO4)s

LiAIo,4Ge1,6(PO4)3

Li14Ti16Y0.4(POas)3

Liz-2¢(Sc1-xMx)2(POa4)s M=Zr, Ti, x=0.1, 0.2

LisSc1.sFeos(PO4)3

* denotes that components are mixed together

[0034] Table 2 below shows simulated lithium ion transport properties for various



WO 2019/117971 PCT/US2017/066887

poly(ketone)-based polymers. The listed poly(ketone) polymers show excellent lithium ion
transport properties. Specifically, the polydiketones (entry 1 and 2) and polytriketones (entry

4 and 5) are promising candidates for lithium ion transport applications.

Table 2

Lithium Transport Properties of Poly(ketone)-Based Polymers

LiTFSI
X Concen-
Entry Polymer Chemical Structure tration | ¥ (S/cm) t.
(wt%)
Poly(1,3- o N
1 nonyldiket /\\/g\'/i 30 6.1x10* 0.68
one) e " e
Poly(cis-
6- O 0.67
2 222 R , /§\ 30 |121x10%|
-1,5- ENC N ) e
diketone)
g @
3 rowhlexylg /\/\/\/E_&\ 30 | 89x10° | 081
yoxa AN , : "
Poly(nonyl 8 & B
4 -1,3,5- w 30 | 95x10% | 075
triketone) e - =
Poly(nonyl w
5 -1,2,3- e ,8\ JL 30 1.1x10* | 0.59
triketone) | Nl N T s

Ketone Group Chemical Stability

[0035] Table 3 shows ionization potentials (IP) and the energy difference between tautomers
of ketone groups as simulated using quantum chemistry (QC) (method: M0O6-HF/aug-cc-
pvtz//PBEQ/aug-cc-pvtz).

[This space has been left blank intentionally.]
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Table 3

lonization Potentials (IP) and Energy Differences
between Tautomers of Ketone Groups

Group Keto-form Enol-form Etnot - Exeto
Ketone Q Q o ‘:N
Q\{' N \'\\‘. \\\_ N\\(,:'.,\{{ \{;‘ .\\‘\\ > '\_\z‘\\'\_g‘} 029 eV
IP =10.75 eV IP=9.42 eV

Ketone Group Electrochemical Stability

[0036] Cyclic voltammetry was measured using a three-electrode system that included a Pt
button working electrode, a Pt wire counter electrode, and a quasi-reference electrode
constructed from an Ag wire dipped in a 10 mM AgNOs in 0.1 M tetrabutylammonium
hexafluorophosphate solution in glass tubing with an attached Vycor frit. The quasi-
reference electrode was first calibrated against a 10mM ferrocene solution in 0.1 M lithium
tetrafluoroborate (LiBF4) in propylene carbonate, to give Eox (ferrocene/ferrocenium) = 0.058
V (vs. Ag/Ag"). Then the same ferrocene solution was used to calibrate a lithium reference
electrode (Eox (ferrocene/ferrocenium) = 3.35 — 3.39 V (vs. Li/Li*)). The cyclic voltammetry
was carried out on 0.1M solution of acetyl acetone (a diketone) in 0.1M LiBF4 in propylene
carbonate and at a scan rate of 5 mV/s. The cyclic voltammetry data were then standardized
for Li/Li* to reflect oxidation stability in a lithium cell, as electrolyte materials made from
acetyl acetone can interact with lithium electrodes in an actual battery cell. The results are
shown in the graph in Figure 1. As shown in Figure 1, acetyl acetone had electrochemical
oxidation stability up to at least 4.5 V with insignificant current density response even at 4.5
V. This clearly indicates that this type of ketone-based polymeric system is stable at high

voltages and can be used as an electrolyte in high energy density lithium ion batteries.

Cell Desiens that Include Ketone-Based Polymers

[0037] In one embodiment of the invention, a lithium battery cell 200 has an anode 220 that
is configured to absorb and release lithium ions, as shown in Figure 2. The anode 220 may
be a lithium or lithium alloy foil or it may be made of a material into which lithium ions can
be absorbed such as graphite or silicon. Other choices for the anode 220 include, but are not
limited to, lithium titanate, and lithium-silicon alloys. The lithium battery cell 200 also has a
cathode 240 that includes cathode active material particles 242, an electronically-conductive

additive such as carbon black (not shown), a current collector 244, a catholyte (electrolyte in
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the cathode) 246, and an optional binder (not shown). In one arrangement, the catholyte 246
includes any of the ketone-based polymer electrolytes disclosed above. In another
arrangement, the catholyte 246 includes mixtures or combinations of other solid polymer
electrolytes with ketone-based polymer electrolytes. There is a separator region 260 between
the anode 220 and the cathode 240. The catholyte 246 extends all the way into the separator
region 260 and facilitates movement of lithium ions back and forth between the anode 220
and the cathode 240 as the cell 200 cycles. The electrolyte 246 in the separator region 260
and the catholyte 246 in the cathode 240 are the same.

[0038] In another embodiment of the invention, a lithium battery cell 300 has an anode 320
that is configured to absorb and release lithium ions as shown in Figure 3. The anode 320
may be a lithium or lithium alloy foil or it may be made of a material into which lithium ions
can be absorbed such as graphite or silicon. Other choices for the anode 320 include, but are
not limited to, lithium titanate, and lithium-silicon alloys. The lithium battery cell 300 also
has a cathode 340 that includes cathode active material particles 342, an electronically-
conductive additive such as carbon black (not shown), a current collector 344, a catholyte
346, and an optional binder (not shown). In one arrangement, the catholyte 346 includes any
of the ketone-based polymer electrolytes disclosed above. In another arrangement, the
catholyte 346 includes mixtures or combinations of other solid polymer electrolytes with
ketone-based polymer electrolytes. There is a separator electrolyte 360 between the anode
320 and the cathode 340. The separator electrolyte 360 facilitates movement of lithium ions
back and forth between the anode 320 and the cathode 340 as the cell 300 cycles. The
separator electrolyte 360 may include any electrolyte that is suitable for use in a lithium
battery cell. In one arrangement, the separator electrolyte 360 contains a liquid electrolyte
that is soaked into a porous plastic material (not shown). In another arrangement, the
separator electrolyte 360 contains a viscous liquid or gel electrolyte. In another arrangement,
the separator region 360 contains a solid polymer electrolyte in which the ketone-based

polymer is immiscible.

[0039] In another embodiment of the invention, a battery cell with a third configuration is
described. With reference to Figure 4, a lithium battery cell 400 has an anode 420 that is
configured to absorb and release lithium ions. The anode 420 may be a lithium or lithium
alloy foil or it may be made of a material into which lithium ions can be absorbed such as
graphite or silicon. Other choices for the anode 420 include, but are not limited to, lithium

titanate, and lithium-silicon alloys. The lithium battery cell 400 also has a cathode 450 that

-10-
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includes cathode active material particles 452, an electronically-conductive additive (not
shown), a current collector 454, a catholyte 456, an optional binder (not shown), and an
overcoat layer 458. In one arrangement, the electrolyte in the overcoat layer 458 and the
catholyte 456 are the same. In another arrangement, the electrolyte in the overcoat layer 458
and the catholyte 456 are different. The overcoat layer 458 and/or the catholyte 456 may
contain any of the ketone-based polymer electrolytes or mixtures or combinations of other
solid polymer electrolytes with ketone-based polymer electrolytes or electrolyte additives (in
a solid polymer electrolyte host) disclosed herein. In one arrangement, the overcoat layer 458
is a solid electrolyte layer. There is a separator region 460 between the anode 420 and the
cathode 450. The separator region 460 contains an electrolyte that facilitates movement of
lithium ions back and forth between the anode 420 and the cathode 450 as the cell 400 cycles.
The separator region may include any electrolyte that is suitable for such use in a lithium
battery cell. In one arrangement, the separator electrolyte 460 contains a liquid electrolyte
that is soaked into a porous plastic material (not shown). In another arrangement, the
separator electrolyte 460 contains a viscous liquid or gel electrolyte. In another arrangement,
the separator region 460 contains a solid polymer electrolyte in which the ketone-based

polymer is immiscible.

[0040] A solid polymer electrolyte for use in separator region, such as separator regions 360
or 460, can be any electrolyte that is appropriate for use in a Li battery. Of course, many
such electrolytes also include electrolyte salt(s) that help to provide ionic conductivity.
Examples of such electrolytes include, but are not limited to, block copolymers that contain
ionically-conductive blocks and structural blocks that make up ionically-conductive phases
and structural phases, respectively. The ionically-conductive phase may contain one or more
linear polymers such as polyethers, polyamines, polyimides, polyamides, poly alkyl
carbonates, polynitriles, perfluoro polyethers, fluorocarbon polymers substituted with high
dielectric constant groups such as nitriles, carbonates, and sulfones, and combinations
thereof. In one arrangement, the ionically-conductive phase contains one or more ketone-
based polymer, as disclosed herein. The linear polymers can also be used in combination as
graft copolymers with polysiloxanes, polyalkoxysiloxanes, polyphosphazines, polyolefins,
and/or polydienes to form the conductive phase. The structural phase can be made of
polymers such as polystyrene, hydrogenated polystyrene, polymethacrylate, poly(methyl
methacrylate), polyvinylpyridine, polyvinylcyclohexane, polyimide, polyamide,
polypropylene, polyolefins, poly(t-butyl vinyl ether), poly(cyclohexyl methacrylate),

-11-
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poly(cyclohexyl vinyl ether), poly(t-butyl vinyl ether), polyethylene, poly(phenylene oxide),
poly(2.6-dimethyl-1,4-phenylene oxide), poly(phenylene sulfide), poly(phenylene sulfide
sulfone), poly(phenylene sulfide ketone), poly(phenylene sulfide amide), polysulfone,
fluorocarbons, such as polyvinylidene fluoride, or copolymers that contain styrene,
methacrylate, or vinylpyridine. It is especially useful if the structural phase is rigid and is in

a glassy or crystalline state.

[0041] With respect to the embodiments described in Figures 2, 3, and 4, suitable cathode
active materials include, but are not limited to, LFP (lithium iron phosphate), LMP (lithium
metal phosphate in which the metal can be Mn, Co, or Ni), V20s (divanadium pentoxide),
NCA (lithium nickel cobalt aluminum oxide), NCM (lithium nickel cobalt manganese oxide),
high energy NCM (HE-NCM - magnesium-rich lithium nickel cobalt manganese oxide),
lithium manganese spinel, lithium nickel manganese spinel, and combinations thereof.
Suitable electronically-conductive additives include, but are not limited to, carbon black,
graphite, vapor-grown carbon fiber, graphene, carbon nanotubes, and combinations thereof.
A binder can be used to hold together the cathode active material particles and the
electronically conductive additive. Suitable binders include, but are not limited to, PVDF
(polyvinylidene difluoride), PVDF-HFP poly (vinylidene fluoride-co-hexafluoropropylene),
PAN (polyacrylonitrile), PAA (polyacrylic acid), PEO (polyethylene oxide), CMC
(carboxymethyl cellulose), and SBR (styrene-butadiene rubber).

Examples
[0042] The following example provides details relating to fabrication of poly(ketone)-based

polymers in accordance with the present invention. It should be understood the following is
representative only, and that the invention is not limited by the detail set forth in this

example.

[0043] In one example, a synthetic route to produce poly(nonyl-1,3-diketone), is depicted

below.

[This space has been left blank intentionally.]
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Q@ 0 1. NaH Q 9
2. s-BuLi, TMEDA
)j\/”\ ' \/\)I\/”\/\/
3. Allyl bromide 1
Cyclohexane Grubb's
Ru] | First generation
catalyst
0O 0O 0O 0
\NI\/U\/\a/ i W‘\)W
-
n Pd/C n
3 2

Synthesis of (1) (diallvlacetyl acetone):
[0044] To a solution of acetyl acetone (2g, 20 mmol) in anhydrous cyclohexane (30 mL),
sodium hydride (0.958 g, 40 mmol) was added and stirred for 30 minutes at 20°C. After that,

tetramethylethylenediamine (TMEDA) (5.9 mL, 40 mmol) was added to the reaction mixture
followed by slow addition of sec-BuLi (30.6 mL, 40 mmol) at 0°C. The reaction was allowed
to proceed at 20°C for 24 hours. Allyl bromide (3.44 mL, 40 mmol) was then added, and the
reaction was continued for another 4 hours at 20°C. The reaction was quenched by slow
addition of water, and the products were extracted into ethyl acetate, which was rotavapored
to obtain the crude product. The crude product was subjected to column chromatography

using an ethyl acetate/hexane mixture (5:95) to obtain 1 in 1.0 g (30% yield).

Synthesis of (2):
[0045] To a solution of (1) (0.8 g, 4.4 mmol) in dichloroethane (10 mL), Grubb’s 1st

generation catalyst (18 mg, 0.02 mmol) was added and stirred at 60°C under high vacuum for
16 hours. Polymer (2) was isolated as a brown viscous liquid by precipitation in methanol.

The amount of polymer (2) obtained was 0.13 g (20% yield).

Synthesis of (3):
To a solution of (2) (0.5 g, 0.3 mmol) in ethyl acetate (10 mL), Pd/C (0.1 g) was added and

vigorously stirred at room temperature under a positive Hz pressure for 24 hours. Polymer
(3) was obtained as a white powder by precipitation in methanol. The amount of polymer (3)

obtained was 0.4 g (80% yield).

[0046] This invention has been described herein in considerable detail to provide those

skilled in the art with information relevant to apply the novel principles and to construct and
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use such specialized components as are required. However, it is to be understood that the
invention can be carried out by different equipment, materials and devices, and that various
modifications, both as to the equipment and operating procedures, can be accomplished

without departing from the scope of the invention itself.
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WE CLAIM:

L. A polymer, comprising:

a ketone-based polymer structure described by:

@]
Z
\fCHz’TM\(*Pa—IgCHz—Ran
Z;

ais an integer that ranges from 1 to 10;

b is an integer that ranges from 1 to 10;

n is an integer that ranges from 1 to 1000;

each Z and Z: is selected independently from the group consisting of:
-—H, F, -CHj, -CH,CHjs, -(CH,),CHj3, -CH(CH3),,

-(CH,)3CHj3, -CH=CH,, -CH,CH=CH,

H
-CF3, -CF,CFs, —(o )0R1, —(c CN. —(C2}SOZ—R1

—(c JOPO(OR); —(C }PO(ORy); —(C JOCOR

0]

Hy H, A J
~{c’}coRry, fc )COR1,\GR1 o
i AN

wherein c is an integer that ranges from 0 to 10;
each Ri is selected independently from the group consisting of hydrogen,
methyl, ethyl, propyl, and isopropyl groups; and

each R is selected independently from the group consisting of’

S S N A
RIS A
X X X X X X X
o LA
A e A A
X X X X

wherein d, e, and f are integers, and each integer ranges independently from 0
to 10; and
each X is selected independently from the group consisting of hydrogen,

fluorine, methyl, ethyl, isopropyl, and trifluoromethyl groups.
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2. The polymer of Claim 1 further comprising an electrolyte salt, wherein the

polymer is an electrolyte.

3. The polymer of Claim 2 further comprising ceramic electrolyte particles.
4. The polymer of Claim 1 wherein the polymer is crosslinked.
5. The polymer of Claim 4 further comprising an electrolyte salt, wherein the

polymer is an electrolyte.
6. A positive electrode comprising:
a positive electrode active material; and
a catholyte comprising the electrolyte according to Claim 2;
wherein the positive electrode active material particles and the catholyte are
mixed together.

7. The positive electrode of Claim 6 wherein the catholyte further comprises a
solid polymer electrolyte.

8. The positive electrode of Claim 6 wherein the catholyte further comprises
ceramic electrolyte particles.

9. The positive electrode of Claim 6 wherein the catholyte is crosslinked.

10.  The positive electrode of Claim 6 wherein the positive electrode active material
is selected from the group consisting of lithium iron phosphate, lithium metal phosphate,
divanadium pentoxide, lithium nickel cobalt aluminum oxide, lithium nickel cobalt manganese
oxide, magnesium-rich lithium nickel cobalt manganese oxide, lithium manganese spinel,
lithium nickel manganese spinel, and combinations thereof.

11.  The positive electrode of Claim 6 wherein the electrolyte salt is a lithium salt.

12. An electrochemical cell, comprising:

an anode configured to absorb and release lithium ions;

a cathode comprising cathode active material particles, an electronically-
conductive additive, and a first catholyte;

a current collector adjacent to an outside surface of the cathode; and

a separator region between the anode and the cathode, the separator region
comprising a separator electrolyte configured to facilitate movement of lithium ions
back and forth between the anode and the cathode;

wherein the first catholyte comprises the electrolyte according to Claim 2, and
the electrolyte salt is a lithium salt.

13. The electrochemical cell of Claim 12 wherein the first catholyte further

comprises a solid polymer electrolyte.
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14. The electrochemical cell of Claim 12 wherein the first catholyte and the
separator electrolyte are the same.

15. The electrochemical cell of Claim 12 wherein the separator electrolyte
comprises a solid polymer electrolyte.

16. The electrochemical cell of Claim 12 further comprising an overcoat layer
between the cathode and the separator region, the overcoat layer comprising a second catholyte,
the second catholyte comprising the electrolyte according to Claim 2.

17. The electrochemical cell of Claim 16 wherein the first catholyte and the second
catholyte are the same.

18. The electrochemical cell of Claim 12 wherein the anode comprises a material
selected from the group consisting of lithium metal, lithium alloy, lithium titanate, graphite and
silicon.

19. The electrochemical cell of Claim 12 wherein the first catholyte further
comprises ceramic electrolyte particles.

20. The electrochemical cell of Claim 12 wherein the first catholyte is crosslinked.
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