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LITHIUM ION CELLS WITH SILICON BASED ACTIVE MATERIALS AND
NEGATIVE ELECTRODES WITH WATER-BASED BINDERS HAVING GOOD
ADHESION AND COHESION

FIELD OF THE INVENTION
The invention relates to lithium ion cells that have good cycling properties with silicon
based negative electrode active materials. The invention further relates to negative electrodes

having binders that provide for good cycling properties of silicon-based active materials.

BACKGROUND OF THE INVENTION

Lithium cells are widely used in consumer electronics due to their relatively high energy
density. Also, lithium ion cells are increasingly important for vehicle applications for hybrid
and electric vehicles. For some current commercial cells, the negative electrode material can
be graphite, and the positive electrode materials can comprise lithium cobalt oxide (LiCo0O2),
lithium manganese oxide (LiMn2Os), lithium iron phosphate (LiFePO4), lithium nickel oxide
(LiNiO3), lithium nickel cobalt oxide (LiNiCoO3), lithium nickel cobalt manganese oxide
(LiNiMnCo00Q»), lithium nickel cobalt aluminum oxide (LiNiCoAlO») and the like. For
negative electrodes, lithium titanate is an alternative to graphite with good cycling properties,
but it has a lower energy density. Other alternatives to graphite, such as tin oxide and silicon,
have the potential for providing increased energy density. However, some high capacity
negative electrode materials have been found to be unsuitable commercially due to high
irreversible capacity loss and poor discharge and recharge cycling related to structural changes
and anomalously large volume expansions, especially for silicon, that are associated with
lithium intercalation/alloying. The structural changes and large volume changes can destroy

the structural integrity of the electrode, thereby decreasing the cycling efficiency.

SUMMARY OF THE INVENTION

In a first aspect, the invention pertains to a negative electrode for a lithium ion battery
comprising an active material comprising a silicon based active material; nanoscale conductive
carbon; and a polymer binder comprising poly (acrylamide-co-acrylate salt) having at least
about 5 mole percent of the acrylate salt moiety and at least about 5 mole percent of the
acrylamide moiety. The negative electrode can be a component of a negative electrode
structure that comprises a metal foil current collector and the negative electrode on the current

collector with the negative electrode structure having a 180 degree peel adhesion with a force
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of at least about 6 pound-force/meter and a cohesion corresponding to maintenance of electrode
integrity when bent around a mandrel with a diameter of 6 mm. A lithium ion cell can comprise
the negative electrode structure; a positive electrode structure comprising a current collector
and on the current collector an electrode comprising a lithium metal oxide, conductive carbon,
and a polymer binder; a separator between the negative electrode structure and the positive
electrode structure; electrolyte comprising a lithium salt and non-aqueous solvent; and a
container enclosing the electrode structures, the separator and the electrolyte.

In a further aspect, the invention pertains to a lithium ion cell comprising a negative
electrode comprising a silicon based active material, nanoscale conductive carbon and polymer
binder, wherein the polymer binder comprises a copolymer of acrylate salt and acrylamide; a
positive electrode comprising a lithium metal oxide, conductive carbon, and a polymer binder;
a separator between the negative electrode and the positive electrode; electrolyte comprising a
lithium salt and non-aqueous solvent; and a container enclosing the electrodes, separator and
electrolyte. In some embodiments, the lithium ion cell has a capacity at the 700th cycle of at
least about 80% of the capacity at the 5th cycle when cycled from the 10th cycle to the 700th

cycle between 2.5V and the selected charge voltage at a rate of 1C.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a Venn diagram suggesting how properties of separate polymers can be
simultaneously exploited in the formation of copolymers of the binders described herein.

Fig. 2 is an expanded view of a pouch cell with a core separated from two portions of
the pouch case.

Fig. 3 is a perspective lower face view of the assembled pouch cell of Fig. 2.

Fig. 4 is a bottom plan view of the pouch cell of Fig. 3.

Fig. 5 is depiction of an embodiment of a core comprising an electrode stack.

Fig. 6 shows the reaction used to prepare poly(acrylamide-co-sodium acrylate)
copolymers.

Fig. 7 is a schematic representation of the 180-degree adhesion peel test set-up.

Fig. 8 is a plot of the adhesive force as a function of peel distance for copper foil
samples laminated with electrodes formed with eight polymer binder compositions.

Fig. 9 is a plot of the adhesive force as a function of peel distance for copper foil
samples laminated with electrodes formed with sodium polyacrylate/polyimide blend and
lithium polyacrylate/polyimide blend binder compositions with varied polyacrylate molecular

weights.
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Fig. 10 is a plot of the adhesive force as a function of peel distance for copper foil
samples laminated with electrodes formed with poly(acrylamide-co-sodium acrylate) binder
compositions with varied weight percent of each monomer unit and electrodes formed with
comparative binder compositions.

Fig. 11 is a schematic representation of the mandrel test.

Fig. 12 is a plot of normalized capacity as a function of cycle number for half coin cells
having SiOx anodes formed with poly(acrylamide-co-sodium acrylate) binders with different
ratios of each monomer unit (from 100:0 to 0:100).

Fig. 13 is a plot of normalized capacity as a function of cycle number for half coin cells
having SiOx anodes formed with sodium polyacrylate/polyimide blend and lithium
polyacrylate/polyimide blend binder compositions with varied polyacrylate molecular weights.

Fig. 14 is a plot of normalized capacity as a function of cycle number for full coin cells
having SiOx anodes formed with eight polymer binder compositions.

Fig. 15 is a plot of normalized capacity as a function of cycle number for full coin cells
having SiOx anodes formed with poly(acrylamide-co-sodium acrylate) binders and electrodes

formed with comparative binder compositions.

DETAILED DESCRIPTION OF THE INVENTION

Improved lithium ion cell cycling has been achieved with silicon based active materials
assembled into an electrode using a polymer binder that is a copolymer of acrylic acid salt
monomers (S-PAA), where the cation can be a meta cation such as Na*, and acrylamide
monomers. Desirable polymer binders are found to have both good adhesion with respect to
the current collector and good particle to particle cohesion. The S-PAA monomers can
contribute good cohesion, and the acrylamide co-monomer can contribute good adhesion.
Binders based on a copolymer of S-PAA and acrylamide are described with appropriate
proportions of the monomers to result in excellent cycling with silicon based negative electrode
active materials. As demonstrated herein, significant improvements in cycling performance
have been achieved relative to other polymer binders. The copolymer binders are also water
processable, which provides a processing advantage. The improved cycling performance is
particularly advantageous for vehicle applications where cycling is significant criteria for
commercial suitability.

Lithium has been used in both primary and secondary cells. An attractive feature of
lithium for cell or battery use is its light weight and the fact that it is the most electropositive

metal, and aspects of these features can be advantageously captured in lithium-based cells also.
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Certain forms of metals, metal oxides, and carbon materials are known to incorporate lithium
ions from the electrolyte into its structure through intercalation, alloying or similar
mechanisms. The positive electrode of a lithium based cell generally comprises an active
material that reversibly intercalates/alloys with lithium. Lithium ion cells generally refer to
cells in which the negative electrode active material is also a lithium intercalation/alloying
material. As used herein and for convenience, the terms cell and battery as well as variations
thereof are used interchangeably unless some explicit distinction is recited.

The cells described herein are lithium ion cells that use a non-aqueous electrolyte
solution which comprises lithium cations and suitable anions. For secondary lithium ion
batteries during charge, oxidation takes place in the cathode (positive electrode) where lithium
ions are extracted and electrons are released. During discharge, reduction takes place in the
cathode where lithium ions are inserted and electrons are consumed. Similarly, during charge,
reduction takes place at the anode (negative electrode) where lithium ions are taken up and
electrons are consumed, and during discharge, oxidation takes place at the anode with lithium
ions and electrons being released. Unless indicated otherwise, performance values referenced
herein are at room temperature, i.e., about 23+2°C. As described below some of the testing of
the electrodes with silicon based active materials is performed in lithium cells with a lithium
metal electrode (referred to as half-cells) or in lithium ion cells with a positive electrode
comprising a lithium metal oxide (referred to as full cells). In a half cell with a silicon based
electrode, the lithium electrode acts as the negative electrode, and the silicon based electrode
acts as the positive electrode, which is opposite of its usual role as the negative electrode in a
lithium ion cell.

The word "element” is used herein in its conventional way as referring to a member of
the periodic table in which the element has the appropriate oxidation state if the element is in
a composition and in which the element is in its elemental form, M, when stated to be in an
elemental form. Therefore, a metal element generally is only in a metallic state in its elemental
form or an appropriate alloy of the metal's elemental form. In other words, a metal oxide or
other metal composition, other than metal alloys, generally is not metallic.

When lithium ion batteries are in use, the uptake and release of lithium from the positive
electrode and the negative electrode induces changes in the structure of the electroactive
material. As long as these changes are essentially reversible, the capacity of the material does
not change with cycling. However, the capacity of the active materials is observed to decrease
with cycling to varying degrees. Thus, after a number of cycles, the performance of the cell

falls below acceptable values, and the cell is replaced. Also, on the first cycle of the cell,
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generally there is an irreversible capacity loss that is significantly greater than per cycle
capacity loss at subsequent cycles. The irreversible capacity loss (IRCL) is the difference
between the charge capacity of the new cell and the first discharge capacity. Positive electrodes
based on lithium metal oxides can exhibit some IRCL which results in some compensation for
the negative electrode with respect to lithium available for cycling. The irreversible capacity
loss can result in a corresponding decrease in the capacity, energy and power for the cell due
to changes in the cell materials during the initial cycle.

Elemental silicon as well as other silicon based active materials have attracted
significant amount of attention as a potential negative electrode material due to silicon's very
high specific capacity with respect to intake and release of lithium. Elemental silicon forms an
alloy with lithium, which can theoretically have a lithium content corresponding with more
than 4 lithium atoms per silicon atom (e.g., Li4+4Si). Thus, the theoretical specific capacity of
silicon is on the order of 4000-4400 mAh/g, which is significantly larger than the theoretical
capacity of about 370 mAh/g for graphite. Graphite is believed to intercalate lithium to a level
of roughly 1 lithium atom for 6 carbon atoms (LiC¢). Also, elemental silicon, silicon alloys,
silicon composites and the like can have a low potential relative to lithium metal similar to
graphite. However, silicon undergoes a very large volume change upon alloying with lithium.
A large volume expansion on the order of two to three times of the original volume or greater
has been observed, and the large volume changes have been correlated with a significant
decrease in the cycling stability of batteries having silicon-based negative electrodes. Silicon
suboxides, i.e., SiOy, x<2, have also been found to be desirable active materials for lithium
based batteries, which can have in some embodiments high specific capacities with respect to
lithium alloying. The reference to silicon suboxide provides acknowledgement of silicon
dioxide as the fully oxidized form of silicon. For convenience, silicon suboxide may be
generally referred to as silicon oxide, which is not limited to silicon monoxide (SiO) unless
specifically indicated. Silicon oxides are a widely used material in a range of fields, and the
terminologies can be slightly different in the different fields, and silicon oxide can also be used
to refer to SiOx.

In embodiments of particular interest, the silicon based active materials can comprise
elemental silicon, silicon suboxide and/or composites thereof, such as with carbon, as a primary
active material. Silicon suboxide has been found particularly effective to achieve longer
cycling stability. To stabilize the silicon based active materials as well as to increase electrical
conductivity, carbon can be incorporated into a composite active material. With respect to

carbon composites with nanoscale elemental silicon and/or silicon oxide, long cycling stability
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has remained challenging, although Applicant has achieved significant success with cycling
stability with cells designed for both consumer electronics applications and vehicle
applications. Longer cycling stability is exemplified herein based on the copolymer negative
electrode binders with mixtures of electroactive graphite and silicon based composites along
with other electrode design improvements, although for some applications suitable cycling may
be achieved with silicon based composites as the sole negative electrode active material. As
discussed in detail below, the silicon based electrodes can further comprise additional
conductive sources, such as nanoscale carbon.

The active materials for lithium ion secondary cells herein generally include, for
example, a positive electrode (i.e., cathode) active material with a moderately high average
voltage against lithium and a silicon based active material for the negative electrode (i.e.,
anode). In general, various cathode materials can be used. For example, commercially
available cathode active materials can be used with existing commercial production
availability. Such cathode active materials include, for example, lithium cobalt oxide
(LiCo002), LiNii;sMn13Co01302 (L333 or NMC111), LiNiCoAlO2 (NCA), other lithium nickel
manganese cobalt oxides (NMC), LiMn»Os (lithium manganese oxide spinel), modified
versions thereof, or mixtures thereof.

Nickel rich - lithium nickel cobalt manganese oxides (LiNixMnyCo0,02, 0.45 <x, 0.05
<y, z < 0.35) can be of interest due to lower costs and lower flammability risk relative to
lithium cobalt oxide as well as the ability to cycle at desirable voltage ranges. Specifically,
desirable cycling results can be obtained from nickel-rich - lithium nickel manganese cobalt
oxide (N-NMC), which can be represented by the formula LiNixMnyCo,0>, with x>0.45 and
x+y+z=1. Commercially available formulations of these compounds include, for example,
LiNig5sMno3Co00.202 (BASF), LiNipsMng2Co0202 (L&F, Korea and Umicore, Belgium ),
LiNiosMno.1Co0.102 (L&F, Korea, BASF, Germany, Umicore, Belgium and LG Chemical,
Korea). In the industry, both NCM and NMC are used interchangeably with the cobalt and
manganese listed in the corresponding order, and the presentations are equivalent and just
based on a personal preference. Also, lithium cobalt oxide can be stabilized to cycle effectively
at higher voltages as described in U.S. patent 10,193,135 to Sharma et al., entitled "Positive
Electrode Active Materials With Composite Coatings for High Energy Density Secondary
Batteries and Corresponding Processes,” incorporated herein by reference.

As with silicon, oxygen deficient silicon oxide, e.g., silicon oxide, SiOx, 0.1<x<1.9, can
intercalate/alloy with lithium such that the oxygen deficient silicon oxide can perform as an

active material in a lithium based cell. The silicon oxide can incorporate a relatively large
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amount of lithium such that the material can exhibit a large specific capacity. However, silicon
oxide is also observed generally to have a capacity that fades relatively quickly with cell
cycling. Commercial silicon based material comprising SiO, which from some suppliers may
be in a composite with carbon and silicon nanocrystals, is available from Alfa Aesar (USA),
Sigma-Aldrich (USA), Shin-Etsu (Japan), Osaka Titanium Corporation (Japan), and
Nanostructured and Amorphous Materials Corp. (USA). Additional specific suitable
formulations of the silicon based compositions are described further below. Applicant has
achieved cycling stabilization of silicon oxide based composite active materials using the
electrode formulations described herein. In some embodiments, it can be desirable to have
negative electrodes comprising a combination of graphitic carbon active material and silicon
based active material to extend cycling life with an acceptable decrease in specific capacity,
and the superior cycling performance exemplified herein uses such active material blends.
Preliminary results suggest that the improved copolymer binders described herein can allow
for sufficient cycling with silicon based composite active material without graphite for a
broader range of applications.

Due to the large volume changes of silicon based material during cycling, electrode
design has been a significant aspect of construction of cells with silicon based anodes to achieve
desirable cycling. Part of the electrode design includes selection of a polymer binder that
facilitates the maintenance of electrode integrity over cycling. As explained further below,
polyimide was initially identified as a useful polymer binder for silicon based materials due to
its mechanical strength. Thus, with the mechanical forces in the polymer associated with the
material changes of the active material with the uptake or release of lithium, polyimide provides
some stability to the electrode. Applicant then discovered that a blend of polymers with
polyimide and a more elastic polymer further improved the electrode performance. The results
herein with the copolymer binders presents another further improvement relative to polyimide
based binders.

The achievement of stable cycling of silicon-based active materials in cells with a
reasonable capacity and energy density has necessitated significant cell engineering. Applicant
achieved significant progress in the cycling of negative electrodes with silicon based active
materials initially using a polyimide binder and nanoscale carbon electrically conductive
materials. See, U.S. patent 10,290,871 to Masarapu et al., entitled "Battery Cell Engineering
and Design to Reach High energy," incorporated herein by reference. The high tensile strength
and high elongation were believed to be significant features of the polyimide for contributing

to the cycling properties. The polyimide binders were processible with organic solvents,

7



10

15

20

25

30

WO 2022/006300 PCT/US2021/039936

although more recently developed polyimides are water processible, see UBE Industries
polyimides.

Applicant achieved significant improvement in cycling using a binder with a polymer
blend with polyimide and a more elastic binder, such as poly vinylidene fluoride,
carboxymethyl
cellulose, styrene-butadiene rubber, lithiated polyacrylic acid. The negative electrodes formed
with the polymer blends incorporated nanoscale conductive cartbon. The desirable cycling
obtained with these polymer blends is described in published U.S. patent application
2019/0207209 to Venkatachalam et al. (hereinafter the 209 application), entitled "Electrodes
with Silicon Oxide Active Materials for Lithium Ion Cells Achieving High Capacity, High
Energy Density, And Long Cycle Life Performance,” incorporated herein by reference.

As the work presented herein demonstrates, further improvement in polymer binders
now make it possible to stably cycle silicon based active materials with high specific capacities
for a larger number of cycles. Additional aspects of the significant cell engineering to achieve
a large numbers of cycles without degradation of more than 80% of capacity relative to an
activated cell are described in the 209 application. Electrode and cell design features are
described in more detail below.

The polymer binders described herein are selected to achieve a balance of adhesion and
cohesion. Itis believed that the adhesion and cohesion parameters described herein have some
relationship to the previously considered properties of tensile strength, elongation and elastic
modulus, but the adhesion and cohesion are more directly measurable using the methodology
described below. To achieve this balance of adhesion and cohesion, co-polymers are used that
provide good adhesion based on one monomer (polyacrylamide) and good cohesion based on
the other monomer (metal polyacrylate). The simultaneous achievement of good adhesion and
good cohesion is found to be significant for achieving improved cycling. The polymer binders
are also aqueous processable. Referring to Fig. 1, the principles described in this paragraph
are shown with a Venn diagram.

The monomer units of the copolymer binder are an acrylamide and a salt of polyacrylic
acid (S-PAA). The salt cation can be a metal cation, such as lithium (LiPAA) or sodium
(NaPAA) or potassium (KPAA), although other metals can be used or non-metal cations, such
as ammonium NH4*. A mixture of counter ions can be used if desired. S-PAA polymers are
found to contribute strong cohesion to the corresponding electrodes. Cohesion is evaluated for
the electrode structure on the current collector with bending around a mandrel with a particular

diameter, as described further below. The diameter of the mandrel around which the electrode
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structure can be bent without losing the mechanical integrity of the electrode provides
information on the cohesion of the electrode material. Adhesion is evaluated using commercial
testing equipment with forces applied in a controlled fashion to evaluate the forces to pull the
electrode from the current collector. The ratio of monomer units can be selected to achieve a
desired balance of adhesive and cohesive stability.

The copolymer can be synthesized following published methods. Specifically, the
acrylate groups can be formed from a nucleophilic substitution of amide groups by carboxylate
groups with the extent of the reaction controlling the degree of acrylamide groups in the final
polymer. Alternatively, the copolymer can be formed directly through the polymerization
reactions. With the direct synthesis the relative amounts of carboxylate groups and acrylamide
groups can be controlled. More information on the synthesis reactions is provided below.
Also, the molecular weight of the polymers can be appropriately controlled or selected.

While Applicant has achieved significant progress with cycling of silicon based active
materials using polyimides and blends of polyimides with lower modulus polymers, the current
binders allow for further improvements in the cycling properties. As demonstrated herein, the
cells can be cycled at rates of charge and discharge of 1C (charge/discharge in 1 hour) with
cycling of over 800 cycles without dropping more than 20% of the initial cycling at the

corresponding 1C rate after one or more formation cycles to initialize the cell.

Electrode Structures

The electrodes of the cell comprise the active material along with a binder and generally
conductive additives. The electrodes are formed into a sheet, dried and pressed to achieve a
desired density and porosity. The electrode sheets are generally formed directly on a metal
current collector, such as a metal foil or a thin metal grid. For many cell structures, electrode
layers are formed on both sides of the current collector to provide for desirable performance in
the assembled cell or battery. The electrode layers on each side of the current collector can be
considers elements of the same electrode structure since they are at the same potential in the
cell, but the current collector itself, while part of the electrode structure is not generally
considered part of the electrode since it is electrochemically inert. Thus, references to the
physical aspects of an electrode generally refer to one layer of electrode composition within
the electrode structure. An electrically conductive current collector can facilitate the flow of
electrons between the electrode and an exterior circuit.

In some embodiments, when the positive electrode or negative electrode uses a high

loading level, the density of the electrode can be reduced to provide good cycling stability of

9



10

15

20

25

30

WO 2022/006300 PCT/US2021/039936

the electrode. The density of the electrodes is a function, within reasonable ranges, of the press
pressures. Generally, the density of the electrodes cannot be arbitrarily increased without
sacrificing performance with respect to loading levels while achieving desired cycling
performance and capacity at higher discharge rates. The characterization of the specific
negative electrode layers and positive electrode layers are presented in the following sections.

In some embodiments, a current collector can be formed from nickel, aluminum,
stainless steel, copper or the like. An electrode material can be cast as a thin film onto a current
collector. The electrode material with the current collector can then be dried, for example in
an oven, to remove solvent from the electrode. In some embodiments, a dried electrode
material in contact with a current collector foil or other structure can be subjected to a pressure
from about 2 to about 10 kg/cm? (kilograms per square centimeter). The current collector used
in the positive electrode can have a thickness from about 5 microns to about 30 microns, in
other embodiments from about 10 microns to about 25 microns, and in further embodiments
from about 14 microns to about 20 microns. In one embodiment, the positive electrode uses
an aluminum foil current collector. The current collector used in the negative electrode can
have a thickness from about 2 microns to about 20 microns, in other embodiments from about
4 microns to about 14 microns, and in further embodiments from about 6 microns to about 10
microns. In one embodiment, the negative electrode uses copper foil as current collector. A
person of ordinary skill in the art will recognize that additional ranges of current collector
thicknesses within the explicit ranges above are contemplated and are within the present

disclosure.

Negative Electrodes

The basic electrode design comprises a blend of active compositions, polymer binder,
and an electrically conductive diluent. As noted above, in some embodiments, the improved
electrode designs can involve a copolymer binder and active compositions comprising silicon-
based materials as well as nanoscale conductive carbon additives. The copolymers are
discussed in detail in the following section. The active material can comprise, for example, a
silicon-based composite material or a blend of active materials with a majority of silicon based
active material, such as a silicon oxide composite, and in some embodiments at least 10 weight
percent of distinct graphite. While the graphite can provide electrical conductivity to the
electrode, it has also been found that in some embodiments a quantity of distinct nanoscale
conductive carbon nevertheless can be significant toward the ability to produce a long cycling

negative electrode. In general the nanoscale conductive carbon is not believed to be
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electrochemically active while the graphite is electrochemically active. These negative
electrode design aspects are then incorporated into electrodes with further previously
discovered silicon based electrode improvements.

Significant interest has been directed to high capacity negative electrode active material
based on silicon. Applicant has had particular success with respect to cycling stability that has
been achieved using materials primarily based on silicon oxide composites although significant
work has also been performed on other silicon based active materials. Additional cycling
stability can be obtained using a blend of a silicon based active material and active graphitic
carbon. With the improved copolymer binders described herein, sufficient cycling stability can
be obtainable to cycle silicon based active materials without separate active graphitic carbon
for many applications.

Generally, an overall capacity of the negative electrode blended active material can be
at least about 500 mAh/g, in some embodiments at least 750 mAh/g, in further embodiments
at least about 900 mAh/g, in additional embodiments at least about 1000 mAh/g, in other
embodiments at least about 1100 mAh/g, and in some embodiments at least about 1250 mAh/g
cycled against lithium metal from 5 millivolts (mV) to 1.5V at a rate of C/3. While Applicant
has been able to achieve desirable levels of cycling for silicon based active materials in negative
electrodes, the degree of cycling stability, other design considerations are at play for certain
applications. Thus, in some applications, higher cycling and lower energy density can be
desirable such that a higher portion of graphite active material is appropriate, and in
applications in which the higher energy densities are desirable, the improved binders provide
for reasonable cycling for active materials that comprise up to fully silicon based composite
active materials. For convenience, three ranges of active material are discussed, which form
logical groupings, but are not restrictive in the sense of other broader groupings. With respect
to the polymer binders described herein, these binders are suitable for electrodes having any
measurable amount of silicon based active material, but they are particularly beneficial for
electrodes with somewhat greater proportions of silicon based active materials.

In a first active material grouping, the blended active material can comprise at least
about 25 wt% silicon based active material, in further embodiments at least about 27.5 wt%
silicon based active material, in other embodiments from about 28 wt% to about 45 wt% silicon
based active material, and in additional embodiments from about 30 wt% to about 42.5 wt%
silicon based active material. Correspondingly, the blended active material can comprise no
more than about 75 wt% graphite, in some embodiments from about 50 wt% graphite to about

72.5 wt% graphite, in further embodiments from about 55 wt% graphite to about 72 wt%
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graphite, in additional embodiments from about 57.5 wt% graphite to about 70 wt%. A person
of ordinary skill in the art will recognize that additional ranges of specific discharge capacity
and concentrations of silicon based active material within the explicit ranges above are
contemplated and are within the present disclosure.

In a second active material grouping, the blended active material can comprise at least
about 45 wt% silicon based active material, in further embodiments at least about 50 wt%
silicon based active material, in other embodiments from about 55 wt% to about 95 wt% silicon
based active material, and in additional embodiments from about 60 wt% to about 90 wt%
silicon based active material. Correspondingly, the blended active material can comprise from
about 5 wt% graphite to about 60 wt% graphite, in further embodiments from about 7 wt%
graphite to about 50 wt% graphite, in additional embodiments from about 8 wt% graphite to
about 45 wt%, and in other embodiments from about 10 wt% graphite to about 40 wt% graphite.
A person of ordinary skill in the art will recognize that additional ranges of specific discharge
capacity and concentrations of silicon based active material within the explicit ranges above
are contemplated and are within the present disclosure.

In a third active material grouping, the blended active material can comprise at least
about 95 wt% silicon based active material, in further embodiments at least about 97.5 wt%
silicon based active material, and in other embodiments about 100 wt% silicon based active
material. Correspondingly, the blended active material can comprise no more than about 5
wt% graphite, in further embodiments no more than about 2.5 wt% graphite, and in additional
embodiments approximately no graphite. A person of ordinary skill in the art will recognize
that additional ranges of specific discharge capacity and concentrations of silicon based active
material within the explicit ranges above are contemplated and are within the present
disclosure.

As noted above and described in detail below, suitable silicon based active materials
can comprise a composite with a carbon component. Silicon based active materials are
discussed in detail in the following section. A composite refers to a particulate material with
components that are intimately combined into an integral material with effective uniformity
over appropriate scales, in contrast with blends that involve mixtures held together with a
polymer binder. Composite components that can comprise, for example, silicon, oxygen,
carbon and the like. While not wanting to be limited by theory, it is not generally believed that
a carbon component of a composite with silicon is active in electrochemistry and generally not
graphitic, although the activity is an abstract concept given the intimate combination in the

composite and the crystal structure may be extremely complex and difficult to evaluate. In any
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case, the carbon component of a composite material is readily understood by a person of
ordinary skill in the art to be distinguishable from the distinct graphite not in a composite in
active material blends. The examples below are based on a commercial composite composition
believed to be comprising primarily of silicon suboxide with some amounts of elemental silicon
crystals and elemental carbon in a combined composite particulate material.

Graphite is available commercially in natural and synthetic forms, and suitable graphite
includes either natural or synthetic graphite or the like. Graphite is a crystalline form of carbon
with covalently bonded carbon in sheets. As used herein, graphite refers to graphitic carbon
without requiring perfect crystallinity, and some natural graphite materials can have some
crystalline impurities. But the graphite refers generally to a material dominated by a graphitic
structure, as would be recognized in the art. Graphite is electrically conductive along the plane
of the covalent carbon sheets that are stacked in the crystal. The crystalline carbon in graphitic
forms can intercalate lithium, so that it is an established electrochemically active material for
lithium ion batteries.

Graphite particles can have average particle diameters from about 1 micron to about 30
microns, in further embodiments from about 1.5 microns to about 25 microns, and in other
embodiments from about 2 microns to about 20 microns. In general, it is desirable for the
graphite to not include particles greater than the electrode thickness to avoid a bumpy electrode
surface, and graphitic particles with a size significantly less than a micron can be less
crystalline. In some embodiments, the graphitic carbon can have a D50 (mass weighted median
diameter) from about 5 microns to about 50 microns, in further embodiments from about 7
microns to about 45 microns and in additional embodiments from about 10 microns to about 8
microns to about 40 microns. Also, in some embodiments the BET surface area of graphitic
carbon active material (which can be evaluated according to ISO 4652) can be from about 1
m?/g to about 100 m*/g, in further embodiments from about 5 m?%/g to about 85 m%g and in
additional embodiments from about 7.5 m%g to about 60 m*/g. A person of ordinary skill in
the art will recognize that additional ranges of particle size and surface area for graphitic carbon
active materials are contemplated and are within the present disclosure. In comparison,
electrically conductive carbon blacks or the like (which have been referred to as
paracrystalline) generally have surface areas of at least roughly 40 m%/g to 1000 m*/g or greater.

With respect to the polymer binder, Applicant has obtained reasonable cycling of
silicon based cells using high tensile strength binders, e.g., polyimide binder. See U.S. patent
9,601,228 to Deng et al. (hereinafter the 228 patent) entitled: “Silicon Oxide Based High

B

Capacity Anode Materials for Lithium lon Batteries,” incorporated herein by reference.
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Applicant further discovered improved cycling with a binder that has a blend of polyimide with
a second polymer having a lower elastic modulus. See the '209 application cited above. The
polymer binder blends provide a significant improvement in the cycling performance of the
lithium ion cells with blends of silicon based active material and graphite active material.

As described herein, new copolymer binders have been identified that provide further
cycling stabilization. The copolymers have first monomer units identified as providing good
adhesion of the electrode to the current collector and second monomer units identified as
providing good cohesion with respect to maintenance of electrode integrity when bending
around a mandrel with a selected radius. The copolymer compositions, synthesis and properties
are discussed in detail in the next section. The new polymer blends are water processible,
which can be viewed as an advantage relative to organic solvent processible binders.

To form the electrode, the powders can be blended with the polymer in an aqueous
liquid, such as purified water. The particulate components of the electrode, i.c., the active
material and nanoscale conductive carbon, can be blended with the polymer binder blend in
the solvent to form a paste. The resulting paste can be pressed into the electrode structure.
Then, the electrode is dried to remove water. Since water is reactive in the assembled cell, the
removal of water is significant. For example, the electrode can be dried under vacuum at
temperatures from 90°C to about 150°C. Excessive heat can potentially degrade the polymers.
The drying generally can be performed for from 15 minutes to 15 hours. A person of ordinary
skill in the art will recognize that additional ranges of drying temperatures and times within the
explicit ranges above are contemplated sand are in the present disclosure.

The active material loading in the binder can be large. In some embodiments, the
negative electrode has from about 75 to about 96 wt% of negative electrode active material, in
other embodiments from about 78 to about 94 wt% of the negative electrode active material,
and in further embodiments from about 80 to about 90 wt% of the negative electrode active
material. In some embodiments, the negative electrode has from about 4 to about 20 wt%
polymeric binder, in other embodiments about 5 to 19 wt% polymeric binder, and in further
embodiments from about 6 to 18 wt% polymeric binder. Also, in some embodiments, the
negative electrode comprises from about 0.05 to about 7 wt% nanoscale conductive carbon, in
further embodiments from about 0.075 to about 6.5 wt%, and in additional embodiments from
about 0.1 to about 6 wt% nanoscale conductive carbon. A person of ordinary skill in the art
will recognize that additional ranges of polymer loadings within the explicit ranges above are

contemplated and are within the present disclosure.
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For improved cycling negative electrodes, nanoscale carbon additives or combinations
thereof have been found to be particularly desirable. Nanoscale conductive carbon refers
generally to particles of high surface area elemental carbon having at least two dimensions of
the primary particles being submicron. Suitable nanoscale conductive carbon includes, for
example, carbon black, carbon nanotubes and carbon nanofibers. In some embodiments, the
nanoscale conductive carbon additive used in the negative electrode can comprise carbon
nanotubes, carbon nanofibers, carbon nanoparticles (e.g., carbon black), or combinations
thereof. In some embodiments, to achieve improved performance a conductive additive can
have a conductivity of at least about 40 S/cm, in some embodiments at least about 50 S/cm,
and in further embodiments at least about 60 S/cm. A person of ordinary skill in the art will
recognize that additional ranges of particles loadings and conductivities within the explicit
ranges about are contemplated and are within the present disclosure.

Electrical conductivity, which is the inverse of resistivity, can be reported by
distributors, and the conductivity is generally measured using specific techniques developed
by the distributors. For example, measurements of carbon black electrical resistance is
performed between two copper electrodes with Super P™ carbon blacks, see Timcal Graphite
& Carbon, A Synopsis of Analytical Procedures, 2008, www.timcal.com. Suitable
supplemental electrically conductive additives can also be added to contribute to longer term
cycling stability. Alternatively, some suppliers describe the conductive carbon concentrations
to achieve the conductive percolation threshold.

Carbon black refers to synthetic carbon materials and can alternative be referred to as
acetylene black, furnace black, thermal black or other names suggesting the synthesis approach.
Carbon black generally is referred to as amorphous carbon, but there are suggestions of small
domains with short or medium range order corresponding to graphite or diamond crystal
structure in at least some forms of carbon black, but for practical purposes the material can be
considered amorphous. Under ISO Technical Specification 80004-1 (2010) carbon black is a
nanostructured material. The primary particles of carbon black can be on the order of tens of
nanometers or less, but the primary particles are generally hard fused into chains or other
aggregates, and the smallest dispersible units can be considered between about 80 nm and 800
nm, which is still submicron. Carbon blacks are available commercially that have been
synthesized to provide a desirable level of electrical conductivity, such as Super-P® (Timcal),
Ketjenblack® (Akzo Nobel), Shawinigan Black® (Chevron-Phillips), and Black Pearls 2000®
(Cabot).
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Carbon nanofibers are high aspect ratio fibers that generally comprise graphene layers
in plates, cones or other forms, which carbon nanotubes comprise graphene sheets folded into
tubes. Carbon nanofibers can have diameters of 250 nm or less and are commercially available,
for example, Pyrograf® carbon nanofibers (Pyrograf Products, Inc.) or from American
Elements, Inc. Carbon nanotubes have been found to be a desirable conductive additive that
can improve cycling performance for either a positive electrode or a negative electrode. Single
wall or multiwall carbon nanotubes are also available from American Elements, Inc. (CA,
USA), Cnano Technologies (China), Cabot (MA, USA), TUBALL™ (OCSiAl, Luxemburg),
Black Diamond (TX, USA), Fuji, Inc. (Japan), Alfa Aesar (MA, USA) or NanoLabs (MA,
USA).

The positive electrode and negative electrode used in the batteries described herein can
have high active material loading levels along with reasonably high electrode density. For a
particular active material loading level, the density is inversely correlated with thickness so
that an electrode with a greater density is thinner than an electrode with a lower density.
Loading is equal to the density times the thickness. In some embodiments, the negative
electrode of the battery has a loading level of negative electrode active material that is at least
about 1.5 mg/cm?, in other embodiments from about 2 mg/cm? to about 8 mg/cm?, in additional
embodiments from about 2.5 mg/cm? to about 6 mg/cm?, and in other embodiments from about
3 mg/cm? to about 4.5 mg/cm?. In some embodiments, the negative electrode of the battery
has an active material density in some embodiment from about 0.5 g/cc (cc = cubic centimeters
(cm®)) to about 2 g/cc, in other embodiment from about 0.6 g/cc to about 1.5 g/cc, and in
additional embodiments from about 0.7 g/cc to about 1.3 g/cc. Similarly, the silicon oxide
based electrodes can have an average dried thickness of at least about 15 microns, in further
embodiments at least about 20 microns and in additional embodiments from about 25 microns
to about 75 microns. The resulting silicon oxide based electrodes can exhibit capacities per
unit area of at least about 3.5 mAh/cm?, in further embodiments at least about 4.5 mAh/cm?
and in additional embodiments at least about 6 mAh/cm?. A person of ordinary skill in the art
will recognize that additional ranges of active material loading level and electrode densities

within the explicit ranges above are contemplated and are within the present disclosure.

Negative Electrode Copolymer Binder

As shown herein, it has been found that a copolymer of acrylamide monomer units and
metal-poly acrylic acid/acrylate (M-PAA) provide improved cycling performance relative to

previous successful binder systems based on polyimides for silicon based active materials. The
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relative amounts of acrylamide moieties and M-PAA moieties can be adjusted to
correspondingly adjust the properties of the binder. Further testing of the polymers has
revealed that good cycling binders exhibit both good adhesion and good cohesion. While not
wanting to be limited by theory, it can be rationalized that good cohesion and good adhesion
contribute to the mechanical stability of the electrode as the cell is cycled and the active
material undergoes significant reversible morphological changes during cycling. While not
exemplified herein, the copolymers can also be blended with other polymers for forming
electrode binders.

The focus herein is on random copolymers, although block copolymers should exhibit
similar desirable binder properties. As described below, the "random" copolymers can
nevertheless have some order for the monomer moieties in the copolymer since synthesis
kinetics are influenced by the adjacent moieties. For the copolymers, one can consider two
potential parameters to influence the binder properties: ratio of acrylamide moieties to M-PAA
moieties and average molecular weight. Polymer molecular weights are generally indirectly
measured, and accepted evaluation techniques for particular polymer types can be used, which
in many circumstances involve rheology measurements. For polyacrylamides, the molecular
weights can be calculated from established equations based on the measured intrinsic viscosity.
The copolymer parameters are controlled through the synthesis process.

The molar ratio of acrylamide moieties to M-PAA moieties can range from about 5:95
to about 95:5, in further embodiments from about 10: 90 to about 90:10, in additional
embodiments from about 20:80 to about 80:20, in other embodiments from about 25:75 to
about 75:25, and in some embodiments from about 30:70 to about 70:30. With respect to
average molecular weight, the copolymer can have in some embodiments an average molecular
weight from about 50,000 Daltons to about 5,000,000 Daltons, in further embodiments from
about 75,000 Daltons to about 2,000,000 Daltons, and in other embodiments from about
100,000 Daltons to about 1,000,000 Daltons. A person of ordinary skill in the art will recognize
that additional ranges of moiety ratios and average molecular weight within the explicit ranges
above are contemplated and are within the present disclosure.

The copolymers can be characterized in terms of adhesion and cohesion, and
corresponding results are presented in the Examples. Adhesion is measured by forming the
electrode on the surface of the current collector using the selected protocol for electrode
formation. The dimensions, such as thickness, can be selected to have a value for the electrode
design of a corresponding cell. Adhesion is then measured with a 180-degree peel adhesion

test, as described in detail in the Examples. The adhesion is evaluated by a force value from
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the test, which can be normalized according to the width of the adhesive element. In some
embodiments, the normalized force can be at least 6 pound-force per meter (1bf/m), in further
embodiments at least about 8 Ibf/m, and in additional embodiments at least about 10 1bf/m.
Cohesion was also evaluated using an electrode on one surface of the current collector. The
electrode structure was bent, current collector side down, over a cylindrical mandrel such that
opposing sides of the structure were parallel in a "U" shape. If the electrode maintained its
integrity following the bending, the electrode was indicated as maintaining its cohesion. The
diameter of the mandrel was reduced down to 2 mm, which was the smallest mandrel diameter
tested. In general, in some embodiments, the copolymers exhibit cohesive stability bending
over a mandrel with a diameter of 6 mm, in further embodiments, around a mandrel with a
diameter of 4mm, in additional embodiments around a mandrel with a diameter of 2 mm, and
other embodiments less than 2 mm. Adhesion and cohesion results are presented in the
Examples. A person of ordinary skill in the art will recognize that additional ranges of adhesion
and cohesion within the explicit ranges above are contemplated and are within the present
disclosure.

In one approach to synthesis of the copolymers, the starting material can be
polyacrylamide, which is then subjected to hydrolysis to replace amide groups with carboxylate
groups. The synthesis through hydrolysis and properties of the resulting polymers are
described, for example, in a review article by Kurenkov et al., "Alkaline Hydrolysis of
Polyacrylamide,” Russian Journal of Applied Chemistry, Vol. 74 (4), 2001, pp; 543-554, in
Higuchi et al., "Kinetic Aspects of Alkaline Hydrolysis of Poly(acrylamide)," Polymer Journal,
Vol. 3(3), 1972, pp. 370-377, and in Kulicke et al., "Preparation and characterization of a series
of poly(acrylamide-co-acrylates) with a copolymer composition between 0 and 96.3mol-%
acrylate units with the same degree and distribution of polymerization," Colloid & Polymer
Science, Vol. 263, 1985, pp. 530-540, all of which are incorporated herein by reference. As
explained in these articles, the resulting copolymer from the hydrolysis may not be fully a
random copolymer since the neighboring groups influence the reaction kinetics. Comparisons
between copolymers formed from polyacrylamide hydrolysis and direct polymerization is
described in Klein et al., "Preparation and Characterization of Poly(acrylamide-co-acrylic
acid), Makromo. Chem. Vol. 179, 1978, pp. 1895-1904, incorporated herein by reference. The
Klein et al. article concludes that the polymer synthesized through direct copolymerization and
through hydrolysis have the same monomer sequences as each other. Various poly(acrylamide-

co-acrylate) polymers are also available commercially.
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While hydrolysis of the amide groups can fragment the polymer chains, the conditions
can be controlled to keep any chain fragmentation to low amounts. With this control used in
the copolymer synthesis, the molecular weights of the product copolymers can be obtained
from the molecular weights of the starting polyacrylamides with an adjustment for the altered
molecular weights of the repeated moieties. The starting polyacrylamides can be obtained
commercially, and suitable suppliers include, for example, PolySciences Inc. USA, Sigma-
Aldrich, USA, TCI Japan]. While the copolymers for the Examples were synthesized as
described below, copolymers are also available commercially where they are used as
flocculants for liquid purification. In the flocculant art, copolymers as described herein may
be referred to as anionic polyacrylamides.

While the Examples herein and the discussion generally focuses on the use of the
copolymers alone as the clectrode binders. Applicant has had success in improving binder
performance using polymer blends. The copolymers described herein may be useful also in
polymer blends. Suitable polymer blends would generally include at least 25 weight percent
poly(acrylamide-co-M-PAA), in further embodiments at least about 35 wt%, and in other
embodiments from about 40 wt% to about 90 wt%. A person of ordinary skill in the art will
recognize that additional ranges within the explicit polymer blend rations above are

contemplated and are within the present disclosure.

High Capacity Silicon Based Anode Materials

In general, the battery designs herein are based on a high capacity anode active material.
Specifically, the anode active materials generally have a specific capacity of at least about 800
mAbh/g, in further embodiments at least about 900 mAh/g, in additional embodiments at least
about 1000 mAh/g, in some embodiments at least about 1150 mAh/g and in other embodiments
at least about 1400 mAh/g when cycled at a rate of C/10 against lithium metal from 0.005V to
1.5V. As this implies, the specific capacity of negative electrode active material can be
evaluated in a cell with a lithium metal counter electrode. However, in the batteries described
herein, the negative electrodes can exhibit reasonably comparable specific capacities when
cycled against high capacity lithium metal oxide positive electrode active materials. In the
battery with non-lithium metal electrodes, the specific capacity of the respective electrodes can
be evaluated by dividing the battery capacity by the respective weights of the active materials.
As described herein, desirable cycling results can be obtained with a combination of a silicon

based active material and a graphitic carbon active material with good capacities observed.

19



10

15

20

25

30

WO 2022/006300 PCT/US2021/039936

Elemental silicon, silicon alloys, silicon composites and the like can have a low
potential relative to lithium metal similar to graphite. However, elemental silicon generally
undergoes a very large volume change upon alloying with lithium. A large volume expansion
on the order of two to four times of the original volume or greater has been observed, and the
large volume changes have been correlated with a significant decrease in the cycling stability
of batteries having silicon-based negative electrodes.

Commercially available composites of silicon suboxide, elemental silicon and carbon
can be used in the cells described herein. Also, other formulations of silicon based negative
electrode active materials have been developed with high capacity and reasonable cycling
properties. Some silicon based compositions are described below that provide potential and
promising alternatives to commercially available SiO based compositions.

Also, silicon based high capacity materials in a negative electrode of a lithium-based
battery can exhibit in some formulations a large irreversible capacity loss (IRCL) in the first
charge/discharge cycle of the battery. The high IRCL of a silicon-based anode can consume a
significant portion of the capacity available for the battery’s energy output. Since the cathode,
i.e., positive electrode, supplies all of the lithium in a traditional lithium ion battery, a high
IRCL in the anode, i.e., negative electrode, can result in a low energy battery. In order to
compensate for the large anode IRCL, supplemental lithium can be added directly or indirectly
to the negative electrode material to offset the IRCL. The use of supplemental lithium to
improve the performance of silicon based electrodes is described also in the ‘294 application
and 228 patent, both cited above and incorporated herein by reference. The use of
supplemental lithium in the improved battery designs is described further below.

The anode of the batteries described herein can use nanostructured active silicon based
materials to accommodate better for volume expansion and thus maintain the mechanical
electrode stability and cycle life of the battery. Nanostructured silicon based negative electrode
compositions are disclosed in the 294 application, the 228 patent, as well as U.S. patent
9,139,441 to Anguchamy et al. (the ‘441 patent), entitled: “Porous Silicon Based Anode
Material Formed Using Metal Reduction,” incorporated herein by reference. Suitable
nanostructured silicon can include, for example, nanoporous silicon and nanoparticulate
silicon. Also, nanostructured silicon can be formed into composites with carbon and/or alloys
with other metal elements. The objective for the design of improved silicon-based materials is
to further stabilize the negative electrode materials over cycling while maintaining a high

specific capacity and in some embodiments reducing the irreversible capacity loss in the first
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charge and discharge cycle. Furthermore, pyrolytic carbon coatings are also observed to
stabilize silicon-based materials with respect to battery performance.

Desirable high capacity negative electrode active materials can comprise porous silicon
(pSi) based materials and/or composites of the porous silicon based materials. In general, the
pSi based material comprises highly porous crystalline silicon that can provide high surface
areas and/or high void volume relative to bulk silicon. While nanostructured porous silicon
can be formed through a variety of approaches such as electrochemical etching of a silicon
wafer, particularly good battery performance has been obtained from nanostructured porous
silicon obtained by metal reduction of silicon oxide powders. In particular, the material has
particularly good cycling properties while maintaining a high specific capacity. The formation
of composites of pSi based material with carbon based material or metal can additionally
mechanically stabilize the negative electrode for improved cycling. Additional description of
the pSi based material from the reduction of silicon oxide can be found in the ‘441 patent
referenced above.

With respect to the composite materials, nanostructured silicon components can be
combined with, for example, carbon nanoparticles and/or carbon nanofibers within an intimate
composite material. The components can be, for example, milled to form the composite, in
which the materials are intimately associated. Generally, it is believed that the association has
a mechanical characteristic, such as the softer silicon coated over or mechanically affixed with
the harder carbon materials. In additional or alternative embodiments, the silicon can be milled
with metal powders to form alloys, which may have a corresponding nanostructure. The carbon
components can be combined with the silicon-metal alloys to form multi-component
composites.

Also, carbon coatings can be applied over the silicon-based materials to improve
electrical conductivity, and the carbon coatings seem to also stabilize the silicon based material
with respect to improving cycling and decreasing irreversible capacity loss. Desirable carbon
coatings can be formed by pyrolizing organic compositions. The organic compositions can be
pyrolyzed at relatively high temperatures, e.g., about 800°C to about 900°C, to form a hard
amorphous coating. In some embodiments, the desired organic compositions can be dissolved
in a suitable solvent, such as water and/or volatile organic solvents for combining with the
silicon based component. The dispersion can be well mixed with silicon-based composition.
After drying the mixture to remove the solvent, the dried mixture with the silicon based material

coated with the carbon precursor can be heated in an oxygen free atmosphere to pyrolyze the
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organic composition, such as organic polymers, some lower molecular solid organic
compositions and the like, and to form a carbon coating.

As with silicon, oxygen deficient silicon oxide, e.g., silicon oxide, SiOx, 0.1<x<1.9, can
intercalate/alloy with lithium such that the oxygen deficient silicon oxide can perform as an
active material in a lithium ion battery. These oxygen deficient silicon oxide materials are
generally referred to as silicon oxide based materials and in some embodiments can contain
various amounts of silicon, silicon oxide, and silicon dioxide. The oxygen deficient silicon
oxide can incorporate a relatively large amount of lithium such that the material can exhibit a
large specific capacity. However, silicon oxide is observed generally to have a capacity that
fades quickly with battery cycling, as is observed with elemental silicon.

Silicon oxide based compositions have been formed into composite materials with high
capacities and very good cycling properties as described in the 228 patent referenced above.
In particular, oxygen deficient silicon oxides can be formed into composites with electrically
conductive materials, such as conductive carbons or metal powders, which surprisingly
significantly improve cycling while providing for high values of specific capacity.
Furthermore, the milling of the silicon oxides into smaller particles, such as submicron
structured materials, can further improve the performance of the materials.

In general, a range of composites can be used and can comprise silicon oxide, carbon
components, such as graphitic particles (Gr), inert metal powders (M), elemental silicon (Si1),
especially nanoparticles, pyrolytic carbon coatings (HC), carbon nano fibers (CNF), or
combinations thereof. The component structure may or may not correspond with the structure
of the components within the composite material. Thus, the general compositions of the
composites can be represented as aSiO-BGr-yHC-0M-eCNF-0Si, where a, B, ¥, 3, €, and ¢ are
relative weights that can be selected such that a + B+ x + & + € + ¢ =1. Generally 0.35<a<1,
0<P<0.6, 0<x<0.65, 0<8<0.65, 0<e<0.65, and 0<0<0.65. Certain subsets of these composite
ranges are of particular interest. In some embodiments, composites with SiO and one or more
carbon based components are desirable, which can be represented by a formula oSiO-BGr-
yHC-eCNF, where 0.35<0<0.9, 0<p<0.6, 0<x<0.65 and 0<e<0.65 (3=0 and ¢=0), in further
embodiments 0.35<0<0.8, 0.1<p<0.6, 0.0<x<0.55 and 0<e<0.55, in some embodiments
0.35<0<0.8, 0<p<0.45, 0.0<x<0.55 and 0.1<e<0.65, and in additional embodiments
0.35<0<0.8, 0<P<0.55, 0.1<1<0.65 and 0<e<0.55. In additional or alternative embodiments,
composites with Si0O, inert metal powders and optionally one or more conductive carbon

components can be formed that can be represented by the formula aSiO-BGr-xHC-3M-eCNF,
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where 0.35<0<1, 0<B<0.55, 0<x<0.55, 0.1<8<0.65, and 0<e<0.55. In further additional or
alternative embodiments, composites of SiO with elemental silicon and optionally one or more
conductive carbon components can be formed that can be represented by the formula aSiO-
BGr-xHC-eCNF-¢Si, where 0.35<0<1, 0<B<0.55, 0<3<0.55, 0<e<0.55, and 0.1<¢<0.65 and
in further embodiments 0.35<0<1, 0<p<0.45, 0.1<¢<0.55, 0<e<0.45, and 0.1<¢<0.55. A
person or ordinary skill in the art will recognize that additional ranges within the explicit ranges
above are contemplated and are within the present disclosure. As used herein, the reference to
composites implies application of significant combining forces, such as from HEMM milling,
to intimately associate the materials, in contrast with simple blending, which is not considered
to form composites.

Solution based approaches for the synthesis of various Si-SiOx-C-M (M=metal)
composites are described in published U.S. patent application 2014/0308585 to Han et al.,
entitled "Silicon-Based Active Materials for Lithium lon Batteries and Synthesis With Solution
Processing,"” incorporated herein by reference. Silicon-based carbon composites with graphene
sheets are described in published U.S. patent application 2014/0370387 to Anguchamy et al.,
entitled "Silicon-Silicon Oxide-Carbon Composites For Lithium Battery Electrodes and
Methods for Forming the Composites," incorporated herein by reference. Commercial
materials that are believed to comprise a SiOx - Si - C or SiOx - Si composite are used in the
batteries in the Examples.

The capacity of the anode significantly influences the energy density of the battery. A
higher specific capacity of the anode material results in a lower weight of the anode in the cell
for the same output. When the negative electrode is made from a silicon based material, the
electrode can have a discharge specific capacity at a rate of C/3 from about 800mAh/g to
2500mAh/g, in further embodiments from about 900 mAh/g to about 2300 mAh/g and in other
embodiments from about 950 mAh/g to about 2200 mAh/g at C/3 discharge from 1.5V to 5
mV against lithium metal. A person of ordinary skill in the art will recognize that additional
ranges of discharge specific capacity within the explicit ranges above are contemplated and are

within the present disclosure.

Positive Electrodes

Various positive electrode chemistries can be introduced effectively with the improved
negative electrodes described above. The selected compositions can be blended into positive

electrode along with a suitable binder and electrically conductive materials. This section
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focuses on particularly desirable positive electrode active materials for high voltage cycling
and moderately high capacity. Also, this section describes the overall electrode composition
and properties.

To some degree, the desired application of the final cells can influence the selection of
the positive electrode composition. From this perspective, a broad range of compositions are
described in the following. For automotive use and for similar applications, a particular
positive electrode chemistry has found to be desirable with respect to achieving high energy
density along with cycling to over 600 cycles while maintaining at least 80% capacity, although
some materials provide promising results with somewhat lesser cycling stability. Specifically,
nickel-rich lithium nickel manganese cobalt oxides are found to provide the very long cycling
performance herein based on the improved electrolytes described herein. Examples are
presented below for a nickel rich lithium nickel manganese cobalt oxides. Lithium cobalt
oxides can also be used to provide high energy density, although the cobalt can lead to higher
cost. Other suitable positive electrode active materials include, for example, lithium and
manganese rich lithium nickel cobalt manganese oxides, lithium manganese oxide spinels
(such as, LiMn204), lithium iron phosphate (LiFePOs), lithium nickel oxide (LiNiO2), lithium
nickel cobalt oxide (LiNiCoQs2), lithium nickel cobalt manganese oxide (LiNiMnCoQO3),
lithium nickel cobalt aluminum oxide (LiNiCoAlQO»), and the like.

In additional embodiments, a blend of nickel-rich lithium nickel manganese cobalt
oxide and (lithium + manganese) rich-lithium nickel manganese cobalt oxide are blended to
provide reasonable positive electrode performance. Furthermore, the nickel rich lithium nickel
manganese cobalt oxides alone as the active material can provide desirably high energy
densities due to the average discharge voltage with good cycling when paired with the silicon
based negative electrodes described herein. In general, such blends can comprise selected
amounts of each active material, and in some embodiments the blends have at least 5 wt% of a
nickel-rich lithium nickel cobalt manganese oxide and at least 5 wt% of a (lithium +
manganese) rich lithium nickel cobalt manganese oxide. A person of ordinary skill in the art
will recognize that additional ranges within the explicit ranges of proportions of active complex
metal oxides above are contemplated and are within the present disclosure. In some
embodiments, an approximately 50 wt% - 50 wt% blend of nickel rich lithium nickel cobalt
manganese oxide and (lithium + manganese) rich lithium nickel cobalt manganese oxide can
be used.

Nickel-rich lithium nickel manganese cobalt oxides (N-NMC) can provide desirable

cycling and capacity properties for the lithium ion batteries described herein. In particular, the
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nickel-rich compositions can be approximately represented by the formula LiNi.MnyCo0,02, x
+y+2z~=1,045<x,0.025 <y, z £0.35, in further embodiments, 0.50 <x, 0.03 <y, z <0.325
,and in 0.55 <x, 0.04 <y, z <0.3. The amount of nickel can influence the selected charge
voltage to balance cycling stability and discharge energy density. For values of x in the range
of 0.525 <x < 0.7 a selected charge voltage can be from 4.25V to 4.375V. For values of x in
the range of 0.7 < x < 0.9, the selected charge voltage can be from 4.05V to 4.325V. A person
of ordinary skill in the art will recognize that additional ranges of composition and selected
charge voltages within the explicit ranges above are contemplated and are within the present
disclosure. These composition have been found to provide relatively stable higher voltage
cycling, good capacities and desirable impedance. N-NMC powders can be synthesized using
techniques, such as coprecipitation described further below, and these are available
commercially, such as from BASF (Germany), TODA (Japan), L&F Materials Corp. (Korea),
Umicore (Belgium), and Jinhe Materials Corp. (China). N-NMC compounds of particular
interest include NMC622 (LiNiosMno2Co00202) and NMC811 (LiNio.sMno.1C00.102), which
are commercially available.

For the N-NMC compositions, the average voltage trends slightly larger with increasing
amounts of nickel, but the charge voltage for stable cycling trends slightly lower with
increasing nickel. Thus, there can be tradeoffs with active material selection, although the N-
NMC active materials can provide good cycling and reasonably high capacity and energy
density.

As noted above, desirable blends can comprise N-NMC with (lithium rich + manganese
rich) lithium nickel manganese cobalt oxides (LM-NMC or HCMR®). These compositions
can be approximately represented by the formula Lii+uNigMnpCoyAsO2-.F,, where b + o + 3 +
v + 6 = 1, b ranges from about 0.04 to about 0.3, o ranges from 0 to about 0.4, B range from
about 0.2 to about 0.65, y ranges from 0 to about 0.46, & ranges from about 0 to about 0.15 and
z ranges from O to 0.2, with the proviso that both o and y are not 0, and where A is a metal
different from lithium, manganese, nickel and cobalt. In some embodiments, A can be Mg, Sr,
Ba, Cd, Zn, Al, Ga, B, Zr, Ti, Ca, Ce, Y, Nb, Cr, Fe, V, or combinations therecof. Also, in
additional or alternative embodiments, LiisNigMnpCoyAsO2 with  0.05<b<0.125,
0.225<0<0.35, 0.35<B<0.45, 0.15<y<0.3, 0<56<0.05 and up to five mole percent of the oxygen
can be replaced with a fluorine dopant. A person of ordinary skill in the art will recognize that
additional ranges of composition within the explicit ranges above are contemplated and are
within the present disclosure. Long cycle stability has been achieved for (lithium+manganese)

rich-NMC active materials at relatively high cycling voltages, as described in U.S. patent
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8,928,286 to Amiruddin et al., entitled "Very Long Cycling of Lithium Batteries With Lithium
Rich Cathode Materials," incorporated herein by reference.

The LM-NMC positive electrode material can be advantageously synthesized by co-
precipitation and sol-gel processes detailed in the ‘160 patent and the ‘873 patent. In some
embodiments, the positive electrode material is synthesized by precipitating a mixed metal
hydroxide or carbonate composition from a solution comprising +2 cations wherein the
hydroxide or carbonate composition has a selected composition. The metal hydroxide or
carbonate precipitates are then subjected to one or more heat treatments to form a crystalline
layered lithium metal oxide composition. A carbonate co-precipitation process described in
the 873 patent gave desired lithium rich metal oxide materials having cobalt in the composition
and exhibiting the high specific capacity performance with superior tap density. These patents
also describe the effective use of metal fluoride coatings to improve performance and cycling.

It is found that for LM-NMC positive electrode active materials a coating on the
material can improve the performance of corresponding cells. Suitable coating materials,
which are generally believed to be electrochemically inert during battery cycling, can comprise
metal fluorides, metal oxides, or metal non-fluoride halides. The results in the Examples below
relating to LM-NMC are obtained with LM-NMC materials coated with metal fluorides.
Improved metal fluoride coatings with appropriately engineered thicknesses are described in
U.S. patent 9,843,041 to Lopez et al, entitled "Coated Positive Electrode Materials for Lithium
Ion Batteries," incorporated herein by reference. Suitable metal oxide coatings are described
further, for example, in U.S. patent 8,535,832B2 to Karthikeyan et al. entitled “Metal Oxide
Coated Positive Electrode Materials for Lithium-Based Batteries”, incorporated herein by
reference. The discovery of non-fluoride metal halides as desirable coatings for cathode active
materials is described in U.S. patent 8,663,849B2 to Venkatachalam et al., entitled "Metal
Halide Coatings on Lithium Jon Battery Positive Electrode Materials and Corresponding
Batteries," incorporated herein by reference.

As noted above, the positive electrode generally comprises active material, with an
electrically conductive material within a binder. The active material loading in the electrode
can be large. In some embodiments, the positive electrode comprises from about 85 to about
99% of positive electrode active material, in other embodiments from about 90 to about 98%
of the positive electrode active material, and in further embodiments from about 95 to about
97.5% of the positive electrode active material. In some embodiments, the positive electrode
has from about 0.75 to about 10% polymeric binder, in other embodiments from about 0.8 to

about 7.5% polymeric binder, and in further embodiments from about 0.9 to about 5%
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polymeric binder. The positive electrode composition generally can also comprise an
electrically conductive additive distinct from the electroactive composition. In some
embodiments, the positive electrode can have 0.4 weight percent to about 12 weight percent
conductive additive, in further embodiments from about 0.45 weight percent to about 7 weight
percent, and in other embodiments from about 0.5 weight percent to about 5 weight percent
conductive additive. A person of ordinary skill in the art will recognize that additional ranges
of particles loadings within the explicit ranges about are contemplated and are within the
present disclosure. The positive electrode active materials are described above. Suitable
polymer binders for the positive electrode include, for example, polyvinylidine fluoride,
polyethylene oxide, polyimide, polyethylene, polypropylene, polytetrafluoroethylene,
polyacrylates, rubbers, e.g. ethylene-propylene-diene monomer (EPDM) rubber or styrene
butadiene rubber (SBR), copolymers thereof, or mixtures thereof. For the positive electrode,
polyvinylidiene fluoride (pvdf) can be used with good results, and the positive electrodes in
the examples use a pvdf binder. Electrically conductive additives are described in detail for
the negative electrode, and nanoscale conductive carbon can be used effectively for the positive
electrode.

For a particular loading level, the electrode density (of active material) is inversely
correlated with thickness so that an electrode with a greater density is thinner than an electrode
with a lower density. Loading is equal to the density times the thickness. In some
embodiments, the positive electrode of the battery has a loading level of positive electrode
active material that is from about 10 to about 50 mg/cm?, in other embodiments from about 12
to about 45 mg/cm?, in additional embodiments from about 13 to about 40 mg/cm?, in some
embodiments from about 15 to about 37.5 mg/cm? and in other embodiments from 20 to about
35 mg/cm? In some embodiments, the positive electrode of the battery has an active material
density in some embodiment from about 2.5 g/cc to about 4.6 g/cc, in other embodiment from
about 3.0 g/cc to 4.4 g/cc, and in additional embodiment from about 3.25 g/cc to about 4.3 g/cc.
In further embodiments, the positive electrodes can have a thickness on each side of the current
collector following compression and drying of the positive electrode material from about 45
microns to about 300 microns, in some embodiments from about 80 microns to about 275
microns and in additional embodiments from about 90 microns to about 250 microns. A person
of ordinary skill in the art will recognize that additional ranges of active material loading level,
electrode thickness and electrode densities within the explicit ranges above are contemplated

and are within the present disclosure.
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Supplemental Lithium

The improved high energy battery designs described herein generally comprise
supplemental lithium, and this section is directed to approaches for the incorporation of
supplemental lithium for appropriate embodiments. In general, the inclusion of supplemental
lithium is desirable for cells with silicon-based negative electrode active materials since the
material exhibit relatively high irreversible capacity loss during the initial charge of the battery.
Various approaches can be used for the introduction of supplemental lithium into the battery,
although following corresponding initial reactions and/or charging, the negative electrode
becomes associated with excess lithium for cycling from the supplemental lithium. With
respect to the negative electrode in batteries having supplemental lithium, the structure and/or
composition of the negative electrode can change relative to its initial structure and
composition following the first cycle as well as following additional cycling.

Depending on the approach for the introduction of the supplemental lithium, the
positive electrode may initially comprise a source of supplemental lithium and/or a sacrificial
electrode can be introduced comprising supplemental lithium. Additionally or alternatively,
supplemental lithium can be associated with the negative electrode. In some embodiments, the
supplemental lithium can be introduced into the negative electrode using electrochemical
methods in contrast with purely chemical or mechanical methods. If the supplemental lithium
is initially located in the positive electrode or a separate electrode, the negative electrode can
be an unaltered form with no lithium present until the battery is charged or at least until the
circuit is closed between the negative electrode and the electrode with the supplemental lithium
in the presence of electrolyte and a separator. For example, the positive electrode or
supplemental electrode can comprise elemental lithium, lithium alloy and/or other sacrificial
lithium source in addition to other electrode components.

If sacrificial lithium is included in the positive electrode, the lithium from the sacrificial
lithium source is loaded into the negative electrode during the charge reaction. The voltage
during the charging based on the sacrificial lithium source may be significantly different than
the voltage when the charging is performed based on the positive electrode active material. For
example, elemental lithium in the positive electrode can charge the negative electrode active
material without application of an external voltage since oxidation of the elemental lithium can
drive the reaction as long as the circuit is closed. For some sacrificial lithium source materials,
an external voltage is applied to oxidize the sacrificial lithium source in the positive electrode
and drive lithium into the negative electrode active material. The charging generally can be

performed using a constant current, a stepwise constant voltage charge or other convenient
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charging scheme. However, at the end of the charging process, the battery should be charged
to a desired voltage, which then also involves extraction of lithium (e.g., de-intercalation or de-
alloying) from the positive electrode active material.

In further embodiments, at least a portion of the supplemental lithium is initially
associated with the negative electrode. For example, the supplemental lithium can be in the
form of elemental lithium, a lithium alloy or other lithium source that is more electronegative
than the negative electrode active material. Elemental lithium can be in the form of a thin film,
such as formed by evaporation, sputtering or ablation, a lithium or lithium alloy foil and/or a
powder. Elemental lithium, especially in powder form, can be coated to stabilize the lithium
for handling purposes, and commercial lithium powders, such as powders from Livent
Corporation, are sold with proprietary coatings for stability. The coatings generally do not
alter the performance of the lithium powders for electrochemical applications. After the
negative electrode is in contact with electrolyte, a reaction can take place, and the supplemental
lithium is transferred to the negative electrode active material. Since the electrode is
electrically conductive internally, the circuit does not need to be closed to provide for electron
flow resulting from the reactions. During this process, the solid electrolyte interface (SEI)
layer may also be formed. Thus, the supplemental lithium is loaded into the negative electrode
active material with at least a portion generally consumed in formation of the SEI layer.
Supplemental lithium placed into the negative electrode should be more electronegative than
the active material in the negative electrode since there is no way of reacting the supplemental
lithium source with the active material in the same electrode through the application of a
voltage.

In some embodiments, supplemental lithium associated with the negative electrode can
be incorporated as a powder within the negative electrode. Specifically, the negative electrode
can comprise an active negative electrode composition and a supplemental lithium source
within a polymer binder matrix, and any electrically conductive powder if present. In
additional or alternative embodiments, the supplemental lithium is placed along the surface of
the electrode. For example, the negative electrode can comprise an active layer with an active
negative electrode composition and a supplemental lithium source layer on the surface of active
layer. The supplemental lithium source layer can comprise a foil sheet of lithium or lithium
alloy, supplemental lithium powder within a polymer binder and/or particles of supplemental
lithium source material placed on the surface of the active layer. In an alternative

configuration, a supplemental lithium source layer is between the active layer and current
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collector. Also, in some embodiments, the negative electrode can comprise supplemental
lithium source layers on both surfaces of the active layer.

An arrangement to perform electrochemical preloading of lithium can comprise an
electrode with silicon-based active material formed on a current collector, which are placed in
vessel containing electrolyte and a sheet of lithium source material contacting the electrode.
The sheet of lithium source material can comprise lithium foil, lithium alloy foil or a lithium
source material in a polymer binder optionally along with an electrically conductive powder,
which is in direct contact with the negative electrode to be preloaded with lithium such that
electrons can flow between the materials to maintain electrical neutrality while the respective
reactions take place. In the ensuing reaction, lithium is loaded into the silicon based active
material through intercalation, alloying or the like. In alternative or additional embodiments,
the negative electrode active material can be mixed in the electrolyte and the lithium source
material for incorporation of the supplemental lithium prior to formation into an electrode with
a polymer binder so that the respective materials can react in the electrolyte spontaneously.

In some embodiments, a lithium source within an electrode can be assembled into a cell
with the electrode to be preloaded with lithium. A separator can be placed between the
respective electrodes. Current can be allowed to flow between the electrodes to provide for
controlled electrochemical prelithiation. Depending on the composition of the lithium source
it may or may not be necessary to apply a voltage to drive the lithium deposition within the
silicon-based active material. An apparatus to perform this lithiation process can comprise a
container holding electrolyte and a cell, which comprises an electrode, to be used as a negative
electrode in an ultimate battery, a current collector, a separator and a sacrificial electrode that
comprises the lithium source, such as lithium metal foil, where the separator is between the
sacrificial electrode and the electrode with the silicon-based active material. A convenient
sacrificial electrode can comprise lithium foil, lithium powder embedded in a polymer or
lithium alloys, although any electrode with extractable lithium can be used. The container for
the lithiation cell can comprise a conventional battery housing, a beaker, or any other
convenient structure. This configuration provides the advantage of being able to measure the
current flow to meter the degree of lithiation of the negative electrode. Furthermore, the
negative electrode can be cycled once or more than once in which the negative electrode active
material is loaded close to full loading with lithium. In this way, an SEI layer can be formed
with a desired degree of control during the preloading with lithium of the negative electrode
active material. Then, the negative electrode is fully formed during the preparation of the

negative electrode with a selected preloading with lithium.
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In general, for embodiments in which supplemental lithium is used, the amount of
supplemental lithium preloaded or available to load into the active composition can be in an
amount of at least about 2.5% of capacity, in further embodiments from about 3 percent to
about 55 percent of capacity, in additional embodiments from about 5 percent to about 52.5
percent of capacity, and in some embodiments from about 5 percent to about 50 percent of the
negative electrode active material capacity. The supplemental lithium can be selected to
approximately balance the IRCL of the negative electrode, although other amounts of
supplemental lithium can be used as desired. In some embodiment, the supplemental lithium
added is in an amount with an oxidation capacity corresponding to from 60% to 180% of the
first cycle IRCL of the negative electrode, in further embodiments, it is from 80% to 165%,
and in other embodiments from 90% to 155%. A person of ordinary skill in the art will
recognize that additional ranges of percentage within the explicit ranges above are
contemplated and are within the present disclosure. Thus, the contribution to the IRCL of the
negative electrode can be effectively reduced or removed due to the addition of the
supplemental lithium such that the measured IRCL of the battery represents partially or mostly
contributions from the IRCL of the positive electrode, which is not diminished due to the
presence of supplemental lithium. A person of ordinary skill in the art will recognize that
additional ranges of IRCL within the explicit ranges above are contemplated and are within the

present disclosure.

Balance of Cathode and Anode

The overall performance of the battery has been found to depend on the capacities of
both the negative electrode and positive electrode and their relative balance. Balance of the
electrodes has been found to be significant with respect to achieving a particularly high energy
density for the battery as well as to achieve good cycling properties. In some embodiments,
there may be a tradeoff with respect to achieving longer cycling stability and energy density.
To achieve longer cycling stability, it can be desirable to balance the battery to achieve a
relatively lower energy density, but with a battery suitable for stable long term use under a
broader range of operating parameters. With appropriately selected active materials, desirable
electrode designs and improved electrolyte formulations, high energy densities are still
achievable while obtaining cycling to more than 800 cycles with no more than 80% capacity
drop. The electrode balance can be evaluated in several alternative ways, which can work

effectively when properly accounting for the particular evaluation approach.
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Testing of active materials can be performed in lithium cells with a lithium metal
electrode, and such cells are generally referred to as half-cells, in contrast with lithium ion cells
with both electrodes comprising a lithium alloying or intercalation material (referred to as full
cells). In a half cell with a silicon based electrode, the lithium electrode acts as the negative
electrode, and the silicon based electrode acts as the positive electrode, which is opposite of its
usual role as the negative electrode in a lithium ion cell.

The positive electrode active material capacity can be estimated from the capacity of
the material which can be measured by cycling the material against lithium metal foil. For
example, for a given positive electrode, the capacity can be evaluated by determining the
insertion and extraction capacities during the first charge/discharge cycle, where the lithium is
de-intercalated or extracted from the positive electrode to a voltage selected based on the
material chemistry and the selected charge voltage of the cell design (generally from 4.2V to
4.5V) and intercalated or inserted back into the positive electrode to 2V at a rate of C/20, with
a slight adjustment, e.g. generally 0.1V, to a higher charge voltage against the lithium metal
based on the voltage of the ultimate anode relative to lithium metal. Similarly, for a given
silicon based electrode, the insertion and extraction capacities can be evaluated with a battery
having a positive electrode comprising the silicon based active material and a lithium foil
negative electrode. The capacity is evaluated by determining the insertion and extraction
capacities of the battery during the first charge/discharge cycle where lithium is
intercalated/alloyed to the silicon based electrode to SmV and de-intercalated/de-alloyed to
1.5V at a rate of C/20. In actual use, the observed capacities can change from the tested
capacities due to various factors, such as high rate operation and alteration of voltage range,
which can be due to battery design as well as due to composition of the counter electrode not
being lithium metal. For some evaluation approaches, a subsequent capacity after the first
cycle can be used to evaluate electrode balance, and if desired a greater discharge rate can be
used, such as C/3 or C/10. The use of the balance after a formation cycle or a few formation
cycles can be desirable in that the balance is based more on conditions during use of the battery.

In most commercially available carbon based batteries, approximately 7-10% excess
anode is taken over the cathode to prevent lithium plating. One important concern of too much
excess anode is that the weight of the cell will increase reducing the energy density of the cell.
Compared to graphite which has a first cycle IRCL of ~7%, high capacity silicon based anodes
can have IRCL ranging from about 10% to about 40%. A significant portion of the capacity
may become inactive in the cell after the first charge-discharge cycle and add to significant

dead weight to the battery.
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For high capacity anode materials, the negative electrode irreversible capacity loss
generally is greater than the positive electrode irreversible capacity loss, which generates
additional lithium availability for the cell. If the negative electrode has a significantly higher
irreversible capacity loss than the positive electrode, the initial charge of the negative electrode
irreversibly consumes lithium so that upon subsequent discharge, the negative electrode cannot
supply enough lithium to provide the positive electrode with sufficient lithium to satisfy the
full lithium accepting capacity of the positive electrode. This results in a waste of positive
electrode capacity, which correspondingly adds weight that does not contribute to cycling.
Most or all of the lithium loss from the net IRCL (negative electrode IRCL minus positive
electrode IRCL) can be compensated by supplemental lithium as described above. Evaluation
of electrode balance during the 1st formation cycle may or may not account for supplemental
lithium. In subsequent cycles after the formation cycle or a few cycles, any excess
supplemental lithium not consumed for the IRCL is generally alloyed into the anode material.
The electrode balance can be evaluated at a cycling stage after formation, such as the 4th cycle
at a selected rate, and these capacities can be estimated from the electrode performances.

From the perspective of providing stable longer term cycling performance, it can be
desirable to balance the electrodes to provide for effective use of both electrode capacities as
well as avoiding the plating of lithium metal during cycling. In general, the balance of the
electrodes is considered at the time of assembly of the electrodes referencing the initial
capacities of the electrodes relative to lithium metal.

In general, battery life can be selected to end when the energy output drops by roughly
20% from the initial capacity at a constant discharge rate, although other values can be selected
as desired. For the materials described herein, the drop in capacity with cycling of the negative
electrode is generally greater than for the positive electrode, so that the avoidance of lithium
metal deposition with cycling suggests a greater excess capacity of the negative electrode to
further stabilize cycling. Roughly, if the negative electrode capacity fades about twice as fast
as the positive electrode capacity, it would be desirable to include at least 10% additional
negative electrode capacity to account for cycling. In the robust battery design, at least about
10% additional negative electrode can be desired at various discharge conditions. In general,
the balance can be selected such that the initial negative electrode charge capacity evaluated at
a rate of C/20 from an open circuit voltage to 1.5V against lithium is about 110% to about
195%, in further embodiment from about 120% to about 185% and in additional embodiments
from about 130% to about 190% relative to the sum of the initial positive electrode charge

capacity at a rate of C/20 from an open circuit voltage to the charge voltage of the cell design
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(generally from 4.2V to 4.6V) plus the oxidation capacity of any supplemental lithium.
Alternatively, the electrode balance can be evaluated at the fourth cycle at a discharge rate of
C/10 or C/3 with the negative electrode capacity relative to positive electrode capacity from
about 110% to about 195%, in further embodiment from about 120% to about 185% and in
additional embodiments from about 130% to about 190%. A person of ordinary skill in the art
will recognize that additional ranges of balance within the explicit ranges above are
contemplated and are within the present disclosure. Such a balance is described in the battery

designs described below.

General Battery Features

The negative electrode and positive electrode structures described above can be
assembled into appropriate cells. As noted above, the electrodes are generally formed in
association with current collectors to form electrode structures. A separator is located between
a positive electrode and a negative electrode to form a cell. The separator is electrically
insulating while providing for at least selected ion conduction between the two electrodes. A
variety of materials can be used as separators. Some commercial separator materials can be
formed from polymers, such as polyethylene and/or polypropylene that are porous sheets that
provide for ionic conduction. Commercial polymer separators include, for example, the
Celgard® line of separator material from Asahi Kasei Japan. Also, ceramic-polymer composite
materials have been developed for separator applications. These ceramic composite separators
can be stable at higher temperatures, and the composite materials can reduce the fire risk.
Polymer-ceramic composites for lithium ion battery separators are sold under the trademark
Separion® by Evonik Industries, Germany and Lielsort® by Tiejin Lielsort Korea Co., Ltd.
Also, separators can be formed using porous polymer sheets coated with a gel-forming
polymer. Such separator designs are described further in U.S. patent 7,794,511 B2 to Wensley

1

et al., entitled "Battery Separator for Lithium Polymer Battery," incorporated herein by
reference. Suitable gel-forming polymers include, for example, polyvinylidene fluoride (pvdf),
polyurethane, polyethylene oxide (PEO), polypropylene oxide (PPO), polyacylonitrile, gelatin,
polyacrylamide, polymethylacrylate, polymethylmethacrylate, polyvinylacetate,
polyvinylpyrrolidone, polytetracthylene glycol diacrylate, copolymers thereof, and mixtures
thereof.

Electrolyte provides for ion transport between the anode and cathode of the battery

during the charge and discharge processes. We refer to solutions comprising solvated ions as

electrolytes, and ionic compositions that dissolve to form solvated ions in appropriate liquids
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are referred to as electrolyte salts. Electrolytes for lithium ion batteries can comprise one or
more selected lithium salts. Appropriate lithium salts generally have inert anions. Suitable
lithium salts include, for example, lithium hexafluorophosphate, lithium hexafluoroarsenate,
lithium bis(trifluoromethyl sulfonyl imide), lithium trifluoromethane sulfonate, lithium
tris(trifluoromethyl sulfonyl) methide, lithium tetrafluoroborate, lithium perchlorate, lithium
tetrachloroaluminate, lithium chloride, lithium difluoro oxalato borate, and combinations
thereof. In some embodiments, the electrolyte comprises a 1 M to 2M concentration of the
lithium salts, although greater or lesser concentrations can be used.

For lithium ion batteries of interest, a non-aqueous liquid is generally used to dissolve
the lithium salt(s). The solvent generally does not dissolve the electroactive materials. In some
embodiments, appropriate solvents can include, for example, propylene carbonate, dimethyl
carbonate, dicthyl carbonate, 2-methyl tetrahydrofuran, dioxolane, tetrahydrofuran, methyl
ethyl carbonate, y-butyrolactone, dimethyl sulfoxide, acetonitrile, formamide, dimethyl
formamide, triglyme (tri(ethylene glycol) dimethyl ether), diglyme (diethylene glycol dimethyl
ether), DME (glyme or 1,2-dimethyloxyethane or ethylene glycol dimethyl ether),
nitromethane and mixtures thereof. Particularly useful solvents for high voltage lithium-ion
batteries are described further in U.S. patent 8,993,177 to Amiruddin et al., entitled “Lithium
ion battery with high voltage electrolytes and additives”, incorporated herein by reference.

Electrolyte with fluorinated additives has shown to further improve the battery
performance for some embodiments of cells with silicon based negative electrode active
material. The fluorinated additives can include, for example, fluoroethylene carbonate,
fluorinated vinyl carbonate, monochloro ethylene carbonate, monobromo ethylene carbonate,
4-(2,2,3,3-tetrafluoropropoxymethyl)-[ 1,3]dioxolan-2-one, 4-(2,3,3,3-tetrafluoro-2-trifluoro
methyl-propyl)-[1,3]dioxolan-2-one,  4-trifluoromethyl-1,3-dioxolan-2-one,  bis(2,2,3,3-
tetrafluoro-propyl) carbonate, bis(2,2,3,3,3-pentafluoro-propyl) carbonate, or mixtures thereof.
In some embodiments, the electrolyte can comprise from about 1 weight percent to about 55
weight percent halogenated carbonate, in further embodiments from about 3 weight percent to
about 50 weight percent and in other embodiments from about 5 weight percent to about 45
weight percent halogenated carbonate in the electrolyte as a fraction of the total electrolyte
weight. A person of ordinary skill in the art will recognize that additional ranges of halogenated
carbonate concentrations within the explicit ranges above are contemplated and are within the
present disclosure. Also, electrolytes with fluoroethylene carbonate have been found to have
excellent low temperature performance as described in published U.S. patent application

2013/0157147 to Li et al. (the '147 application), entitled "Low Temperature Electrolyte for
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High Capacity Lithium Based Batteries," incorporated herein by reference. Additional
fluorinated additives include, for example, fluorinated ethers, as described in published U.S.
patent application 2018/0062206 to Li et al., entitled "Fluorinated Ether as Electrolyte Co-
Solvent for Lithium Metal Based Anode,” and WO 2018/051675 to Takuya et al. entitled
"Lithium Secondary Battery,” both of which are incorporated herein by reference. Fluorinated
electrolytes are available from Daikin America, Inc.

Applicant has recently developed improved electrolytes for silicon based batteries.
These improved electrolytes are described in copending U.S. patent application 16/556,670 to
Dong et al. (hereinafter the '670 appliction), entitled "Lithium Ion Cells With High
Performance Electrolyte and Silicon Oxide Active Materials Achieving Very Long Cycling
Performance,” incorporated herein by reference. The new electrolyte formulations use
significant amounts of fluorocthylene carbonate solvent and exclude other unstable
components and appropriately select the other solvent components to provide the achieved
stabilities.

The electrodes described herein can be assembled into various commercial cell/battery
designs such as prismatic shaped batteries, wound cylindrical cells, coin cells, or other
reasonable cell/battery designs, although the Examples are directed to coin cells. The cells can
comprise a single pair of electrodes or a plurality of pairs of electrodes assembled in parallel
and/or series electrical connection(s). Electrode stacks can have an extra electrode to end the
stack with the same polarity as the other end of the stack for convenience in placement in a
container. While the electrode structures described herein can be used in batteries for primary,
or single charge use, the resulting batteries generally have desirable cycling properties for
secondary battery use over multiple cycling of the batteries.

In some embodiments, the positive electrode and negative electrode can be stacked with
the separator between them, and the resulting stacked structure can be rolled into a cylindrical
or prismatic configuration to form the cell structure. Appropriate electrically conductive tabs
can be welded or the like to the current collectors, and the resulting jellyroll structure can be
placed into a metal canister or polymer package, with the negative tab and positive tab welded
to appropriate external contacts. Electrolyte is added to the canister, and the canister is sealed
to complete the cell. Some presently used rechargeable commercial cells include, for example,

the cylindrical 18650 cells (18 mm in diameter and 65 mm long) and 26700 cells (26 mm in
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diameter and 70 mm long), although other cell/battery sizes can be used, as well as prismatic
cells and foil pouch cells/batteries of selected sizes.

Pouch batteries can be particularly desirable for various applications, including certain
vehicle applications, due to stacking convenience and relatively low container weight. A pouch
battery design for vehicle batteries incorporating a high capacity cathode active material is
described further in U.S. patent 8,187,752 to Buckley et al, entitled "High Energy Lithium Ion
Secondary Batteries” and U.S. patent 9,083,062B2 to Kumar et al., entitled "Battery Packs for
Vehicles and High Capacity Pouch Secondary Batteries for Incorporation into Compact Battery
Packs," both incorporated herein by reference. While the pouch battery designs are particularly
convenient for use in specific battery pack designs, the pouch batteries can be used effectively
in other contexts as well with high capacity in a convenient format. Desirable results are
presented in the examples with a prismatic shaped pouch battery with electrode stacks.

A representative embodiment of a pouch battery is shown in Figs. 2 to 5. In this
embodiment, pouch battery 100 comprises pouch enclosure 102, electrode core 104 and pouch
cover 106. An electrode core is discussed further below. Pouch enclosure 102 comprises a
cavity 110 and edge 112 surrounding the cavity. Cavity 110 has dimensions such that electrode
core 104 can fit within cavity 110. Pouch cover 106 can be sealed around edge 112 to seal
electrode core 104 within the sealed battery, as shown in Figs. 3 and 4. Terminal tabs 114, 116
extend outward from the sealed pouch for electrical contact with electrode core 104. Fig. 4 is
a schematic diagram of a cross section of the battery of Fig. 3 viewed along the 4-4 line. Many
additional embodiments of pouch batteries are possible with different configurations of the
edges and seals.

Fig. 5 shows an embodiment of an electrode core 104 that generally comprise an
electrode stack. In this embodiment, electrode stack 130 comprises negative electrode
structures 132, 134, 136, positive electrode structures 138, 140, and separators 150, 152, 154,
156 disposed between the adjacent positive and negative electrodes. The separator can be
provided as a single folded sheet with the electrode structures placed in the separator folds.
Negative electrode structures 132, 134, 136 comprise negative electrodes 160, 162, negative
electrodes 164, 166 and negative electrodes 168, 170, respectively, disposed on ecither side of
current collectors 172, 174, 176. Positive electrode structures 138, 140 comprise positive
electrodes 180, 182 and positive electrodes 184, 186, respectively, disposed on opposite sides
of current collectors 188, 190, respectively. Tabs 192, 194, 196, 198, 200 are connected to
current collectors 172, 188, 174, 190, 176, respectively, to facilitate the connection of the

individual electrodes in series or in parallel. For vehicle applications, tabs are generally
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connected in parallel, so that tabs 192, 196, 200 would be electrically connected to an electrical
contact accessible outside the container, and tabs 194, 198 would be electrically connected to
an electrical contact as an opposite pole accessible outside the container.

As noted above, wound electrodes can be correspondingly used for either a cylindrical
battery or a roughly prismatic shaped battery. Wound cells for cylindrical lithium ion batteries
are described further in U.S. patent 8,277,969 to Kobayashi et al., entitled "Lithium Ion
Secondary Battery," incorporated herein by reference. Prismatic shaped batteries with wound
electrodes are described in U.S. patent 7,700,221 to Yeo (the 221 patent), entitled "Electrode
Assembly and Lithium Ion Secondary Battery Using the Same,” incorporated herein by
reference. The Kobayashi '969 patent and the Yeo 221 patent do not describe how to achieve
reasonable cycling or a high energy density with silicon based active materials. Designs for
prismatic shaped batteries with wound electrodes are described further, for example, in the 221
patent cited above. A particular design of either a stacked set of electrodes or a wound cell can
be influenced by the target dimensions and the target capacity of the battery.

The improved negative electrodes can be used for a range of applications and
cell/battery designs. For electrode stacks, the areas of the electrodes can be selected reasonably
based on the volume and design constraints for the particular application. Larger cells are
generally designed for vehicle applications, such as drones, automobiles, trucks, or other
vehicles. However, the improved negative electrodes described herein can be effectively used
for consumer electronics applications, which can be based on smaller cell formats. Also, it
should be noted that vehicles can use smaller consumer electronics cells, and Tesla cars
presently are famous for using thousands of small consumer electronics cells in their battery

packs.

Performance Properties

The combination of design features described herein can provide longer cycling
stability while maintaining desirable battery performance. The achievement of the long term
cycling involves use of the improved electrode binders described above along with the balance
of cell design parameters. In embodiments of particular interest, the positive electrodes herein
generally comprise a nickel rich-lithium nickel manganese cobalt oxide or lithium cobalt oxide,
although other commercial cathode materials are also suitable.

The negative electrodes can be tested with a lithium foil electrode in a half cell
configuration to evaluate its performance independent of the positive electrode features.

Specifically, the negative electrode can be cycled against lithium metal over a voltage range of
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0.005V to 1.5V at a selected rate. The improved negative electrodes herein cycle better in the
half cell configurations relative to reference electrodes, but improved cycling stability if
quantified more explicitly in the full cell configurations below.

The selected charge voltage can be influenced by the positive electrode active material.
Generally, the selected charge voltage for these cells is from about 4.05V to 4.4V, and
exemplified values include 4.3V. The batteries can exhibit very good cycling performance. In
some embodiments, the batteries can exhibit a discharge capacity at cycle 700 of at least about
75% of the 6th cycle capacity discharged at 1C rate from the selected charge voltage to 2.5V
at room temperature, in other embodiments at least about 80% and in additional embodiments
at least about 82% at the 700th cycle relative to the 6th cycle discharge capacity when cycled
from the selected charge voltage to 2.5V at 1C rate at room temperature. Similarly, the batteries
can exhibit a discharge capacity at cycle 825 of at least about 75% of the 6th cycle capacity
discharged at 1C rate from the selected charge voltage to 2.5V at room temperature, in other
embodiments at least about 80% and in additional embodiments at least about 82.5% at the
825th cycle relative to the 6th cycle discharge capacity when cycled from the selected charge
voltage to 2.5V at a rate of 1C rate at room temperature. A person of ordinary skill in the art
will recognize that additional ranges within the explicit ranges above are contemplated and are

within the present disclosure.

EXAMPLES

Example 1 — Different Binder Systems

This example demonstrates the mechanical performance of electrode structures
through the use of an appropriate polymer binder.

To evaluate the mechanical properties of electrodes with selected polymer binders,
copper foil samples were laminated with electrodes having the different polymer binder
systems. The polymer binder systems were mixtures of a polymer binder, electrically
conductive carbon nanoparticles, and an active composition. To form the binder system test
samples, each polymer binder was mixed with water or N-methyl-pyrrolidone (“NMP”)
(Sigma-Aldrich), as shown in Table 1, and stirred overnight to form a set of polymer binder
solutions. Separately, a powder of a commercial silicon oxide/silicon/carbon composite
material (referred to below as SiOx/Si/C) and a selected amount of graphite were mixed
thoroughly with a nanoscale carbon electrically conductive additive to form a homogeneous

powder mixture. Homogenous powder mixture was then added to each polymer binder
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solution and mixed for about 2 hours to form homogeneous slurries. Each slurry was applied
onto a copper foil to form a thin, wet film and the laminated copper foil was dried in a vacuum
oven to remove solvent, either water or NMP, and to cure the polymer. The laminated copper
foil samples were then pressed between rollers of a sheet mill to obtain a desired lamination
thickness. The negative electrodes compositions were the same except for the binders, and
these comprised 80 wt% to 90 wt% active material with the remainder being nanoscale
conductive carbon and polymer binder. The active composition comprised from 55wt% to 85
wt% silicon oxide based composite and the remainder graphite. Once formed, the anode is
dried under vacuum at a temperature in the range of 100 to 150 °C for several hours. The same
electrode compositions were used for all of the examples.

Fifteen samples with different binder polymers were formed. Table 1 summarizes the
compositions of the polymer binders tested and the solvents used in the preparation of the
laminated copper test samples. Binders 1-15 were used to prepare Samples 1-15. The
polyacrylamide copolymers (Samples 8 and 12-15) were prepared by mixing polyacrylamide
(400,000 to 800,000 MW, PolySciences Inc., USA) with concentrated NaOH (Sigma-Aldrich,
USA) for between 2 hours and 1 week. The protocol roughly followed the procedures in the
Klein et al., "Preparation and Characterization of Poly(acrylamide-co-acrylic acid), Makromo.
Chem. Vol. 179, 1978, pp. 1895-1904) reference cited above. The reaction time was controlled
to achieve a copolymer with the desired ratio of monomer units. The reaction was ended by
quenching with methanol (ACS grade, VWR, USA). The polymer product was redissolved in
water and the pH adjusted to 7 with the addition of HCl (1M ACS grade, VWR, USA) to
neutralize excess sodium hydroxide. Sodium chloride was removed by quenching with
additional methanol (ACS grade, VWR, USA) and the copolymer was redissolved in water.
The final ratio of PAM to NaPAA in the copolymers is defined by a letter where A > B > C >
D >E>F> G where A is aratio of 100:0 and G is aratio of 0:100. Fig. 6 outlines the synthesis

of the polyacrylamide copolymers.

TABLE 1
Binder Binder Composition MW Range Solvent
of Polyacrylate
1 Polyimide NMP
5 Sodium Carboxymethyl Water
cellulose/Styrene butyl rubber
3 Lithium polyacrylate Water
4 Lithium polyacrylate/ Polyimide 300K-500K Water
(75% : 25%)

40



10

15

20

WO 2022/006300 PCT/US2021/039936

5 Sodium polyacrylate (Ratio G) Water
6 Sodium polyacrylate/ Polyimide 300K-500K Water
(75% : 25%)
7 Polyacrylamide (Ratio A) Water
] Poly(acrylamide-co-sodium acrylate) Water
(Ratio E)
9 Sodium polyacrylate/ Polyimide 900K-1400K Water
(75% : 25%)
10 Lithium polyacrylate/ Polyimide 100K-300K Water
(75% : 25%)
11 Sodium polyacrylate/ Polyimide 100K-300K Water
(75% : 25%)
12 Poly(acrylamide-co-sodium acrylate) Water
(Ratio B)
13 Poly(acrylamide-co-sodium acrylate) Water
(Ratio C)
14 Poly(acrylamide-co-sodium acrylate) Water
(Ratio D)
15 Poly(acrylamide-co-sodium acrylate) Water
(Ratio F)

Adhesion (Adhesive Strength)

The electrode structure test samples were tested for the adhesive strength of the
electrode to the copper foil. Adhesive strength was measured using a 180-degree peel adhesion
test. The adhesion force was measured and plotted as a function of the peel distance in
millimeters. The test set-up is schematically represented in Fig. 7. An Ametek Chatillon
TCD225 Series force measurement instrument was used. A 70 x 25 mm section of double-
sided tape 104 (7139a16 from McMaster-Carr, USA) was adhered to a glass plate 102. The
glass plate 102 was fixed to the lower clamp 100 of the force measurement instrument. The
electrode structure consisted of electrode 106 and copper foil 108. The electrode 106 (150 x 30
mm) was compressed, face down on the double-sided tape 104. The copper foil 108 (~220 x
30mm) was connected to the other side of the force measurement instrument 110. The copper
foil was pulled at a rate of 2 mm per minute for 20 mm. The peel force was measured in pound-
force (Ibf). The peel forces can be normalized according to the width of the tape to yield units
of pound-force/meter (Ibf/m).

It is noted that the samples were tested until the electrode structure delaminated from
the copper foil current collector. Upon delamination, a visual analysis showed that little if any
electrode material remained on the copper foil, which indicates that the cohesive strength is
generally greater than the adhesive strength. Upon delamination, the peel force became

approximately constant, and this normalized value is used as the adhesion force.
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Fig. 8 shows the results (un-normalized) of testing Samples 1-8. The normalized values
can be obtained by dividing the plotted numbers by 0.025 meters (25 mm). Sample 7
(polyacrylamide) had the highest adhesive strength, followed by Sample 8 (poly(acrylamide-
co-sodium acrylate)). Both Samples 7 and § had adhesive strengths to the copper foil greater
than Sample 1 (polyimide). Sodium polyacylate (Sample 5) showed better adhesive strength
than lithium polyacrylate (Sample 3). A blend of sodium polyacrylate and polyimide (Sample
6) showed lower adhesive strength than both the polyimide binder (Sample 1) and the sodium
polyacrylate binder (Sample 5).

Fig. 9 shows the results (un-normalized) of testing additional sodium
polyacrylate/polyimide blend and lithium polyacrylate/polyimide blend binder compositions
with varied polyacrylate molecular weights (Samples 4, 6 and 9-11). Sample 9 had the highest
adhesion followed by Samples 6 and 4. Samples 10 and 11, with lower molecular weights,
showed negligible adhesion. Comparing Fig. 9 to Fig. 8, the results surprisingly show that
certain blends of sodium polyacrylate or lithium polyacrylate with polyimide have lower
adhesion to copper than lithium polyacrylate (Sample 3) or sodium polyacrylate (Sample 5).
In particular, the poor adhesion of Samples 10 and 11 was a surprising result given the
relatively good adhesion of polyimide (Sample 1), lithium polyacrylate (Sample 3), and sodium
polyacrylate (Sample 5) (non-blended) binders. In general, the sodium polyacrylate/polyimide
blends showed similar adhesive strength as sodium polyacrylate (Fig. 8) and higher adhesion
than the lithium polyacrylate/polyimide blends.

Fig. 10 shows the results (un-normalized) of testing additional poly(acrylamide-co-
sodium acrylate) compositions with varied weight percent of each monomer unit (Samples 12-
15) and provides a comparison with Sample 5 (sodium polyacrylate), Sample 7
(polyacrylamide), and the poly(acrylamide-co-sodium polyacrylate) composition of Sample 8.
Fig. 10 also shows that the adhesive strength of the poly(acrylamide-co-sodium polyacrylate
samples) depends on the composition of the copolymer. Overall, the results of the fifteen
samples tested showed that polyacrylamide and certain polyacrylamide-based copolymer
binders had the highest adhesion performance. The results demonstrate that both the
polyacrylamide binders and the polyacrylamide-based copolymer binders can provide high

adhesion to a copper foil current collector.

Cohesive Strength
The electrode structure test samples were also tested for flexibility. A testing protocol

essentially as described in ASTM D522 /D522M-17 Standard Test Method for Mandrel Bend
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Test of Attached Organic Coatings was used with minor modifications. In this test, as
schematically shown in Fig. 11, each electrode structure sample 132 was subjected to a 180
degree bend upon mandrels 130 of increasingly smaller diameter until the coating fails due to
formation of cracks with a smallest diameter mandrel being 2 mm. Table 2 shows the mandrel
diameter at which each sample showed failure. Smaller values of the mandrel diameter at
failure correlate with higher flexibility of the polymer binder coated onto the copper or
increased electrode flexibility. Increased flexibility of the electrode correlates with an increase

in the cohesion the polymer binder system.

TABLE 2
Sample Mandrel Diameter at Failure
1 6 mm
2 <2 mm
3 <2 mm
4 > 20 mm
5 <2 mm
6 10 mm
7 10 mm
8 3 mm
9 3 mm
10 <2 mm
11 <2mm
12 6 mm
13 3 mm
14 2 mm
15 <2 mm

Four poly(acrylamide-co-sodium acrylate) binder systems showed good flexibility,
failing at 3 mm (Samples 8 and 13), 2 mm (Sample 14), and less than 2 mm (Sample 15). This
flexibility performance is indicative of good particle cohesions within the binder systems. An
additional poly(acrylamide-co-sodium acrylate) binder system (Sample 12) showed less
flexibility, failing at 6 mm. Samples 8 and 13-15 were more flexible than the polyimide binder
system (Sample 1) and the polyacrylamide binder system (Sample 7). Samples 8 and 13
showed similar flexibility to the sodium carboxymethyl cellulose/styrene butyl rubber (Sample
2), lithium polyacrylate (Sample 3), and sodium polyacrylate (Sample 5) binder systems.

Three metal polyacrylate/polyimide blend binder systems showed good flexibility,
failing at 3 mm (Sample 9, sodium-based) and less than 2 mm (Samples 10 and 11, lithium and

sodium-based, respectively). Sample 9 (polyacrylate molecular weight range of 900K-1400K)
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and Samples 10-11 (polyacrylate molecular weight range of 100K-300K) showed similar
flexibility to the lithium-polyacrylate binder system (Sample 3), the sodium-polyacrylate
binder system (Sample 5), and the sodium carboxymethyl cellulose/styrene butyl rubber binder
system (Sample 2). Samples 9-11 showed higher flexibility than the polyimide binder system
(Sample 1). Two additional metal polyacrylate/polyimide blend binder systems showed
relatively poor flexibility. Sample 6 (sodium-based) failed at 10 mm. Sample 4 (lithium-based)
failed at more than 20 mm, the lowest flexibility of the samples tested. Both Sample 6 and
Sample 4 had a polyacrylate molecular weight range of 300K-500K. The metal-
polyacrylate/polyimide blend results indicate a correlation between the molecular weight of the
metal-polyacrylate component and flexibility.

Sample 8 showed a combination of high adhesive strength to the copper foil, good
flexibility, and good particle cohesion. Among the metal-polyacryate/polyimide blend binder
systems, Sample 9 showed a good combination of adhesive strength, flexibility, and particle

cohesion.

Example 2 - Binder System Performance in Half Coin Cells

This Example demonstrates the impact of binder molecular weight and binder
copolymer composition on cycling performance for silicon based electrodes using lithium
polyacrylate/polyimide blend and sodium polyacrylate/polyimide blend binder formulations.

Twelve coin cells were formed to test binder system compositions corresponding to
Binders 4-15 as shown in Table 1. The coin cells were formed with an anode prepared as
described above.

Coin cells were formed using a lithium foil counter electrode, referred to as a half cell.
A section of negative electrode was cut to size along with separator, a section of lithium foil
and corresponding current collector for the lithium foil. The separator for the coin cells
described herein comprises a commercial tri-layer polyolefin separator. An electrolyte
comprising dimethyl carbonate and fluoroethylenecarbonate was placed in the cell and the cell
was sealed. The coin cells were then cycled from 0.005V to 1.5V in a battery for a first cycle
charge and discharge of C/10 rate, a second cycle charge and discharge rate of C/5 rate, and
the remaining cycles at a charge and discharge rate of C/3.

Fig. 12 compares the capacity versus cycle number for cells with poly(acrylamide-co-
sodium acrylate) binders (Binders 8 and 12-15) to cells with sodium polyacrylate binder
(Binder 5) and polyacrylate binder (Binder 7). Binders 8 and 12-15 have the same molecular

weight range but different relative amount of each monomer unit in the copolymer. Copolymer
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Binders 8, 14, and 13 showed the best cycling performance. Copolymer Binder 15 showed
poorer cycling performance, but the performance of Binder 15 was superior to that of sodium
polyacrylate (Binder 5) and more stable than that of polyacrylate (Binder 7). The data shows
that good cycling performance can be achieved with the copolymer binders, but also shows
that the cycle life depends on the relative amounts of the monomer units in the copolymer. The
best cycling life corresponded to the intermediate amide to acrylate ratios E (Binder 8), D
(Binder 14), and C (Binder 13).

Normalized capacity as a function of cycle number is plotted in Fig. 13 for both charge
and discharge. The results show the impact of binder molecular weight on the half cell cycling.
Binder 6 (300K-500K) had the best cycling performance, showing good cycling stability at 40
cycles. Binder 4 (300K-500K) retained 80% capacity at 40 cycles. Binder 9 (900K-1400K)
retained only about 50% capacity at 40 cycles. Binders 10 and 11 (100K-300K) showed poor
cycling performance. The results indicate that a binder with a molecular weight that is too low
or too high can negatively impact cycling performance. The results also showed that the sodium
polyacrylate/polyimide blend (Binder 6) cycled slightly better than the lithium

polyacrylate/polyimide blend (Binder 4) at an equivalent molecular weight range.

Example 3 - Binder System Performance in Full Coin Cells

This Example demonstrates improved cycling performance for silicon based electrodes
using a polyacrylamide-based copolymer binder formulations.

Nine sets of coin cells were formed to test binder system compositions corresponding
to Binders 1-8 and 12 as shown in Table 1. The coin cells were formed with an anode prepared
as described above in Example 2. Once prepared, the negative electrodes were
electrochemically pre-lithiated with sufficient lithium to compensate for 100% to 160% of the
loss of lithium due to the anode irreversible capacity loss. These full cells are referenced
according to their anode binder compositions.

The cathode was formed with a nickel rich - lithium nickel manganese cobalt oxide (N-
NMC622). The positive electrode had a loading of active material from about 93 wt% to
97.5wt% blended with 1 wt% to 4 wt% pvdf binder, and 1 wt% to 3 wt% nanoscale carbon.
The cathode material was blended with NMP solvent, spread onto an aluminum foil current
collector, pressed, and dried. To form the coin cells, a section of negative electrode was cut to
size along with separator, and a section of positive electrode was also cut to size. The
electrodes with the separator between them was placed in a coin cell enclosure. The separator

for the coin cells described herein comprises a commercial tri-layer polyolefin separator. An
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electrolyte comprising dimethyl carbonate and fluoroethylenecarbonate was placed in the cell
and the cell was sealed. The electrolytes were selected according to the teachings of the '670
application cited above.

The assembled cells were cycled between 4.3V and 2.5V at a cycling rate of 1C for
charging and 1C for discharging. The cells were previously cycled by a rate protocol prior to
1C cycling which involved two sets of charge/discharge rates of C/10, C/5, C/3, 1C cycling.
The cycling results for normalized capacity are plotted in Fig. 14. The polyimide (Binder 1)
showed approximately 80% capacity retention at 800 cycles at a cycling rate of 1C. The cells
with common binders such as carboxyl-methylcellulose/SBR (Binder 2), lithium polyacrylic
acid (Binder 3), and sodium polyacrylic acid (Binder 5) cycle for less than 200 cycles. The
polyacrylamide (Binder 7) cycled at approximately 750 cycles. Poly(acrylamide-co-sodium
acrylate) (Binder 8) showed the best cycling performance. Binder 8 cycled at 925 cycles with
approximately 600 cycles above 95% capacity.

Fig. 15 presents the capacity versus cycle number for cells with binders having different
ratios of polyacrylamide to sodium acrylate moieties. Specifically, Fig. 15 compares cells with
Binder 5 (Ratio G), Binder 7 (Ratio A), copolymer Binder 8 (Ratio E), and copolymer Binder
12 (Ratio B) with polyimide (Binder 1). Copolymer Binder 8 provided approximately 850
cycles above 85% capacity. The polyimide (Binder 1) had about 700 cycles above 85%
capacity. Binder 7 and copolymer Binder 12 had approximately 650 cycles above 85%
capacity. The sodium polyacrylate (Binder 5) showed significantly poorer cycling
performance than the water-based poly(acrylamide-co-metal acrylate) binders (Binders 8 and
12). The cycle life was higher for the copolymer binder with the lower ratio of polyacrylamide
to sodium acrylate.

In summary, the water-based poly(acrylamide-co-acrylate salt) polymer anode binders
were able to provide good adhesive properties and excellent cohesive properties, exceeding
that of polyimide and polyacrylamide, while providing improved cycle life as compared to
polyimide, sodium polyacrylate, and polyacrylamide and improved cycling stability as
compared to polyacrylamide. The initial data shows that the co-polymer binders provide a
better combination of performance properties as compared to metal-polyacrylate/polyimide
blend binders.

The embodiments above are intended to be illustrative and not limiting. Additional
embodiments are within the claims. In addition, although the present invention has been
described with reference to particular embodiments, those skilled in the art will recognize that

changes can be made in form and detail without departing from the spirit and scope of the
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invention. Any incorporation by reference of documents above is limited such that no subject
matter is incorporated that is contrary to the explicit disclosure herein. To the extent that
specific structures, compositions and/or processes are described herein with components,
clements, ingredients or other partitions, it is to be understand that the disclosure herein covers
the specific embodiments, embodiments comprising the specific components, elements,
ingredients, other partitions or combinations thereof as well as embodiments consisting
essentially of such specific components, ingredients or other partitions or combinations thereof
that can include additional features that do not change the fundamental nature of the subject

matter, as suggested in the discussion, unless otherwise specifically indicated.
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What is claimed is:

1. A negative electrode for a lithium ion battery comprising:

an active material comprising a silicon based active material;

nanoscale conductive carbon; and

a polymer binder comprising poly (acrylamide-co-acrylate salt) having at least about 5
mole percent of the acrylate salt moiety and at least about 5 mole percent of the acrylamide

moiety.

2. The negative electrode of claim 1 wherein the active material comprises from about 20
wit% to about 100 wt% silicon oxide-based material and from about 0 wt% to about 80 wt%

graphite.

3. The negative electrode of claim 1 wherein active material is a silicon based composite

comprising carbon, and silicon suboxide and/or nanoscale silicon.

4. The negative electrode of claim 1 wherein the silicon based active material comprises

silicon suboxide.

5. The negative electrode of any one of claims 1 to 4 wherein the nanoscale conductive

carbon comprises carbon nanotubes, carbon black, carbon nanofibers, or mixtures thereof.

6. The negative electrode of any one of claims 1 to 5 wherein the poly(acrylamide-co-
metal acrylate) has a sodium, lithium, potassium, ammonium or a combination thereof as

counter ion, and at least about 15 mole percent acrylate salt moiety.

7. The negative electrode of any one of claims 1 to 5 wherein the poly (acrylamide-co-
acrylate salt) has a sodium counter ion and an average molecular weight from about 300,000

g/mole to about 2,000,000 g/mol.

8. The negative electrode of any one of claims 1 to 7 having from about 78 wt% to about
96 wt% active material comprising a silicon based active material, from about 0.1 wt% to about
7 wt% nanoscale conductive carbon; and from about 4 wt % to about 20 wt% polymer binder,

wherein the polymer binder comprises poly (acrylamide-co-sodium acrylate).
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9. A negative electrode structure comprising a metal foil current collector and the negative
electrode of any one of claims 1 to 8 on the current collector and having a 180 degree peel
adhesion with a normalized load of at least about 6 Ibf/m and a cohesion corresponding to

maintenance of electrode integrity when bent around a mandrel with a diameter of 6 mm.

10. The negative electrode structure of claim 9 wherein the negative electrode has from
about 78 wt% to about 96 wt% active material comprising a silicon based active material, from
about 0.1 wt% to about 7 wt% nanoscale conductive carbon; and from about 4 wt % to about
20 wt% polymer binder, wherein the polymer binder comprises poly (acrylamide-co-sodium

acrylate).

11. A lithium ion cell comprising:
a negative electrode structure of claim 10;
a positive electrode structure comprising a current collector and on the current collector
an electrode comprising a lithium metal oxide, conductive carbon, and a polymer binder;
a separator between the negative electrode structure and the positive electrode structure;
electrolyte comprising a lithium salt and non-aqueous solvent; and

a container enclosing the electrode structures, the separator and the electrolyte.

12. A lithium ion cell comprising:

a negative electrode comprising a silicon based active material, nanoscale conductive
carbon and polymer binder, wherein the polymer binder comprises a copolymer of metal
acrylate and acrylamide;

a positive electrode comprising a lithium metal oxide, conductive carbon, and a
polymer binder;

a separator between the negative electrode and the positive electrode;

electrolyte comprising a lithium salt and non-aqueous solvent; and

a container enclosing the other cell components,

wherein the lithium ion cell having a capacity at the 700th cycle of at least about 80%
of the capacity at the 5th cycle when cycled from the 10th cycle to the 700th cycle between

2.5V and the selected charge voltage at a rate of 1C.
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13. The lithium ion cell of claim 12 wherein the negative electrode comprises from about
75 wt% to about 96 wt% an active material from about 0.1 wt% to about 7 wt% nanoscale

conductive carbon and from about 4 wt % to about 20 wt% polymer binder.

14. The lithium ion cell of claim 12 or claim 13 wherein the poly(acrylamide-co-metal
acrylate) has a sodium, lithium, potassium, ammonium or a combination thereof as counter ion,

and at least about 15 mole percent acrylate salt moiety.

15. The lithium ion cell of claim 12 or claim 13 wherein the poly (acrylamide-co-metal
acrylate) has a sodium counter ion and an average molecular weight from about 300,000 g/mole

to about 2,000,000 g/mol.

16. The lithium ion cell of any one of claims 12 to 15 wherein the negative electrode active

material comprises a composite of carbon, and silicon suboxide, and/or nanoscale silicon

17. The lithium ion cell of any one of claims 12 to 16 wherein the lithium metal oxide
comprises lithium cobalt oxide or nickel rich lithium nickel manganese cobalt oxide

represented by the formula LiNixMnyCo0,02, 0.45 <x, 0.05 <y, z <0.35.

18. The lithium ion cell of claim 17 wherein the lithium metal oxide further comprises from
about 20 wt% to about 80 wt% of (lithium + manganese) rich lithium metal oxide represented
by the formula Li1+6NigMnpgCoyA502-.F,, where b + o+ B +v + 6 = 1, b ranges from about 0.04
to about 0.3, a ranges from O to about 0.4,  range from about 0.2 to about 0.65, y ranges from
0 to about 0.46, & ranges from about 0 to about 0.15 and z ranges from 0 to 0.2, with the proviso
that both o and y are not 0, and where A is a metal different from lithium, manganese, nickel

and cobalt.

19. The lithium ion cell of any one of claims 12 to 16 wherein the positive electrode active
material comprises (lithium + manganese) rich lithium metal oxide represented by the formula
Li1+6NigMngCoyAs02.F2, where b + o+ f + v + & = 1, b ranges from about 0.04 to about 0.3,
a ranges from O to about 0.4, B range from about 0.2 to about 0.65, y ranges from O to about
0.46, & ranges from about O to about 0.15 and z ranges from O to 0.2, with the proviso that both

o and vy are not 0, and where A is a metal different from lithium, manganese, nickel and cobalt.
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20. The lithium ion cell of any one of claims 12 to 19 wherein the negative electrode on a
metal foil current collector forms a structure negative electrode structure exhibiting a 180-
degree peel adhesion with a normalized load of at least about 6 Ibf/m and a cohesion
corresponding to maintenance of electrode integrity when bent around a mandrel with a

diameter of 6 mm.

21. The lithium ion cell of any one of claims 12 to 20 wherein the negative electrode active
material comprises from about 30 wt% to about 100 wt% silicon oxide-based material and from

about 0 wt% to about 70 wt% graphite.

22. The lithium ion cell of any one of claims 12 to 21 wherein the lithium ion cell having a
capacity at the 825th cycle of at least about 80% of the capacity at the 5th cycle when cycled
from the 10th cycle to the 825th cycle between 2.5V and the selected charge voltage at a rate
of 1C.
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