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HIGH CAPACIETY ARNQODE ELECTRODES WITH MIXED BINDERDS FOR ENERGY
STORAGE DEVICES

CROSS REFERENCE TO RELATED APPLICATION
3001 ] This application claims prionty to U.S. Provisional Application No. 62/234,571,
entitied “High Capacity Anode Electrodes With Mixed Binders For Energy Storage Devices”, filed

september 29, 2015, which 18 hereby incorporated by reference 1n 1ts entirety tor all purposes.

TECHNICAL FIELD
(G002 This disciosure relates to a lithium 1on battery, and more particularly, to fabrication of
a silicon anode with a hybrid binder to improve cell cycle life, first cycle efficiency, and adhesion

strength.

BACKGROUND AND SUMMARY

{(003] {ithium 1on {(Li-1on) batteries are a type of rechargeable battery that produces energy
from an electrochemical reaction. In typical Li-ion battenies, the cell includes lithium metal oxides
or hithium metal phosphates for the positive electrode (or cathode}, carbon/graphite tor the negative
electrode (or anode), a lithoum salt in an organic solvent for the electrolyte, and a porous separator
that ensures the electrodes do not touch. In rechargeable Li-ion batteries, the negative electrode 1s
capable of storing a substantial amount of lithium at a hithium chemical potential above that of
lithium metal. When a Li-ion battery 1s charged, ithium 1ons travel from the positive electrode to
the negative electrode and vice-versa when discharged.

{HIIEY Recently, silicon (513 has found use as an anode electroactive matertal 1o Li-ion
batteries wherein the silicon may be present as an alloy, intermetallic compound, oxide, etc. Silicon
based anode materials are capable of alloving with relatively large amounts of lithium. However,
stiicon undergoes a relatively large volume change when hithium 1s incorporated therein. This
volume change may be disadvantageous 1n battery systems since 1t can cause a loss of capacity, a
decrease in ¢cycle life and mechanical damage to the battery structure

{0005] Because of silicon’s potential advantages as an anode in a Li-ion battery system, the
prior art has made atiempts {0 overcome problems of mechanical damage and swelling. Use has

been made to utilize binders to mutigate the volume change associated with Si anodes. The use of
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binders such as carboxyl methyicellulose (CMC} and styrene butadiene rubber (SBR),
polyvinylhidene fluonide (PVdAE), polvacryvhic acid (PAA), polyacrylomtrile (PAN), and alginate
have been applied to 51 ancdes with limited success.

10006 One approach to overcome some of the difticulties associated with silicon anodes is
o provide a rigid binder. Binders commonly used with graphite anodes w Li-ton cells, such as
polyvinviidene fluoride (PVDF), do not bind silicon anode material together cohesively over
successive charging cycles due to the relatively large volume changes of silicon anodes, as
described in Loveridge et al in WO 2010/130975A1. Thus, conventional water based binders, such
as carboxymethyl cellulose (CMUC), polyacrylic acid (PAA), and carboxymethyl cellulose and
styrene butadiene composite (CMU/SBR) for example, which are rigid and provide added strength
to help counteract the volume expansion 1ssues of 51 anodes, may be used with Si. Thus, the binder

i a silicon based anode influences the cycling stability and nfluences the composite electrode’s

performance.
{Hi The mventors herein have recognized potential 1ssues with the above approaches.

Namely, the use of water based binders for 51 anodes may result in umproved capacity over the
inttial cycles of a battery but then may suffer from poor adhesion. The use of non-water based
binders such as PVDF, which may display high strong adhesion properties, are known to not
withstand the volume changes associated with S1 anodes. Moreover, PVDE 1s only soluble 1n
organic solvents such as NMP, for example. Aqueocus-based binders, such as PAA and CMC, are
soluble in water. It 1s known 1n the art that, in order to form a functional slurry of proper viscosity,
PYDF binders are used in solvent based systems, and PAA and UM binders are used tnh agueous
based systems. Thus, prior approaches may be himited in the choosing of either an aqueous based
system binder or a non-aqueous solvent based system binder due to the mncompatible solubthity of
each. As such, prior approaches may sacrifice adhesion strength for first cycle efficiency or vice
versa, and thus may not be able to strike a balance between adhesion sirength, cyching stability,
and first cycle efficiency.

{3008] One approach as recogmized by the inventors {o address in part the above 1ssues
includes fabricating an ancde comprising silicon, wherein the anode comprises a hybrid binder
that has a blending ratio of 10 wt. % to 90 wt. %. A silicon containing powder may be mixed with
the hybrid binder to prepare a thin coating on a copper current collector. The St/hybrid binder

laminate may be compressed to fabricate the anode. The Li-ion cell assembly includes a cathode,
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the anode as prepared, a separator, and an electrolyte solution. Unexpectedly, the cell with the
~i/hybrid binder anode may provide a balance and optinmization between adhesion strength, cycling
stability, and first cycle etficiency. In this way, hybrid binder based 51 anodes allow for
optimization between characteristics between previously thought incompatible binders, e.g.,
water-based binders and orgamc solvent-based binders. The ratio of the binders may be chosen in
a way as to bring forth the positive characteristics of the binders while mitigating the potentially
negative characteristics of the individual binders 1n the combination.

{3009] it will be understood that the summary above 1s provided to infroduce in sumplified
form a selection of concepts that are further described in the detailed description. It 15 not meant
to 1dentify key or essential features of the claimed subject matter, the scope of which is defined
uniquely by the claims that follow the detailed description. Furthermore, the claimed subject matter
18 not imited to implementations that solve any disadvaniages noied above or 1n any part of this

disclosure.

BRIEF DESCRIPTION OF THE BRAWINGS

{HUy FIG. 1 illustrates an example method tlow chart of producing a hybrid binder for use
with a 5t anode,

{0011} FIG. 2 illustrates an example method flow chart of producing a 51 anode with a hybrnid
binder to provide an unexpected balance between adhesion strength and first cycle efficiency.
{06012] FI(G. 3 schematically iHustrates an example of the Li-ion cell comprising a S1 anode
with the hybrid binder.

10013 FIG. 4 illustrates an example chart for the adhesion strength of various binders,
including a hybrid binder of PYDF and PAA.

(G014 FI(G. 5 illustrates an exampie chart for the first cycle columbic etficiency of PVIDFE,
PAA, BVDE/PAA, CMC, and PAN based St anodes.

{001 5] Fi(3. o ilustrates the cycle life of Li-ion single layver pouch celis of PVDF and
PVDE/PAA based 51 anodes.

{301 6] FIG. 7 sllustrates first cycle capacity companson of PAA and PVdAF+PAA based N1

anode half cell coin cells
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DETAILED DESCRIPTION

{G017] Aspects of this disclosure will now be described by example and with reference to the
tlustrated embodiments listed above. Components, process steps, and other elements that may be
substantially the same 1n one or more embodiments are identified coordinately and are described
with minumal repetition. It will be noted, however, that elements identified coordinately may also
differ to some degree.

{0018} The present application relates to a Li-ion rechargeable batiery which comprises a Si
anode capable of intercalating and releasing lithium, a positive electrode, a separator, and an
aqueous or nonaqueous electrolviic solution consisting of a hithium salt and at least one organic
spivent. The 81 anode may be fabnicated with a hybnd binder, as described in FIGS. 2 and 3, to
improve the cycle life of the Li-ion cell. The fabrication of the hybrid binder, as described in FIG.
i, aliows tor an unexpected combination of a water-based binder and a non-waier based binder,
tor example. The use of a hybnid binder as compared to conventional water based binders or non-
water based binders 1a a St anode may improve adheston strength over St anodes with water-based
binders as iliustrated in Fi{z. 4. The addition of the hybrid binder to the S1 anode may improve first
cycle columbic efficiency over St anodes with non-water based binders, as iHlustrated in FIG. 5. A
hybrid binder based St anode may also display an increase of capacity retention over PVIDF-based
St anodes as shown in FIG. 6. Thus, the unigue combination of the hybnd binder, which may be
applied to a water-based or solvent-based system, and a St ancde allows for balancing of adhesion
strength and first cycle efficiency, for example. The present disclosure allows for a method of
producing a hybrid binder based St anode, a combination that 15 contrary to prior knowledge of
water based binders and solvent based binders. This unexpected combination of binders with a Si
anode shows an unexpected result of extending the cyclability of the Li-ion cells, and shows the
retention of the positive characteristics of each of the individual binder while reducing the negative
impact of the said binders.

{001 9] Tuming to FIG. 1, an example method 100 for preparing a hybrid binder for use with
a stlicon anode 1s provided. In one example the hybnd binder may be a mixture of PYDE and PAA.
in another example, mixtures of PVDE/PAN, PAN/PAA, and PVDE/CMC may also be prepared
as hybnid binders. In another example, the hybnid binder may be a combination of an agueous

system binder {e.g., water soluble binder} and a solvent system binder {e.g., NMP soluble binder}.
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{0201 At step 102, a binder may be dissolved 1n a solvent. In one example, PVDFE may be
dissolved 1n g solvent such as NMP. In another example, PVDFEF may be dissolved in a water based
solvent when water-compatible PVDE s used. In vet another example, PAA may be dissolved in
an agueous based system, such as water. The process of dissolving may include applying heat
and/or stirring. In one example, the mixing temperature may be from room temperature (23°C) {o
60 °C applied for 8 to 16 hours with continuous stirring.

{0021 ] At step 104, a second binder may be added to the first binder and solvent mixture. In
one example, PAA i1s added to a mixture of PVDF and NMP. The mass ratio of PVDF to PAA
may range from 0.1:1 to 9.1, for example. In another example, the mass ratio may be 2.1, Other
examples of NMP mixture of binders include PVDE/ PAN, and PAN/PAA. The blending ratio of
the above blends may range from about 10 wit. % to 90 wt. % (e.g., the ratio of PVDF to PAA, or
the first component of the hybnd binder to the second compounent of the hybrid binder). In one
examplie, the combination of polymers 1s a blend and the polymers are not cross-linked. In another
example, PVDE may be added to a muxture of CMC and water, or CM may be added to a mixture
of PVDF and water. In this way, PVDF 15 not limited to an organic soivent, and PAA 1s not limited
to an aqueous system, for example.

10022 At step 106, the mixture of binders in the soivent may be processed further. For
example, the surface of the second binder may be engineered to promote solubility. Simply mixing
the normally incompatible binders s not enocugh to create a tunctional slurry. The surface of the
hybrid binder may be hydrophobic or hydrophilic depending on the solvent system, e.g., the
surface of the hybrid binder may be hydrophilic 1n an agueous solvent system, and the surface of
the hybnd binder may be hydrophobic in a non-aqueous solvent system. In one example, the
mixture may be stirred and/or heated to dissolve the second binder. In one example, the second
binder in the mixture is dissolved at 66°C for up to & hours under stirring. fn another example, a
PAA binder that is compatible with an NMP solvent system 1s used.

10023 At step 108, the mixture of binders may be cooled to room temperature.

3024] At step 110, a hybrid binder may be obtained. In this way, traditionally water-based
binders may be unexpectedly used 1n an organic solvent based system, and {raditionally solvent

based binders may be unexpectedly used in an aqueous solvent based system.
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{G025] Turning to FIG. 2, 2 method of fabricating a silicon ancde with the hybrid binder of
method 100, tor example, 1s provided. Silicon as an electroactive material tor use in Li-ion batteries
provides a material which 1s capable of alloying with relatively large amounts of hithium.

10026] At step 202, the 51 electroactive maternial may be obtained. In another example, a
stlicon oxide may be obtained. In yet another example, the silicon electroactive matenal may be a
nanoparticle or a nanowire. In the example provided, the Si electroactive matenal may be present
as a St graphite composite powder. In other examples, the St may be present as 51, an alloy or
intermetallic compound of 51, or an oxide, carbide, nitride, sulfide, phosphide, selenide, telluride,
antimonide, or thewr mixtures of 81, for example. In yet another example, the electroactive maternal
may inciude a carbonaceous precursor which upon apphication of heat, deposits carbon on the
primary and/or secondary particies of the electroactive matenal. The electroactive matenal
primary and secondary particies may tnclude carbonaceous deposits on the surfaces thereof.
{0027] At step 204, a slurry mixture may be created. A slurry 1s created by nmuxing the Si
electroactive material together with a hybrid binder, such as the hybrid binder obtained 11 method
100, for example, and a non-agueous liquid or agueous liquid. The hybrid binder may be mixed
with the S1 electroactive matenal. In one example, the binder may be present as PVDFE and PAA
int a blending ratio of 10 wt. % to 90 wt. %. In another example mass ratio of PYDF to PAA 15 2: 1.
In yet another example the binder may be present as water based PVDF and CMC. In yet another
example, the binder may be present as NMP based PAN and PAA. The hybnd binder may be
present at a weight percent between 2 wi. % and 15 wt. % of anode electroactive material, and may
depend on St content, for example. Further, in another example, the hybnd binder may be present
between S wt. % and 12 wt. %. In still a further example, the hybrid binder may be present at 10
wt. %. In another example, conductive addifives may be added as well, e g a conductive additive
may be mechanically mixed with the Si electroactive matertal. The conductive additive may be,
but 15 not himited to, carbon black, vapor grown carbon fibers, graphene particles, or expanded
graphite. The conductive additive may be present at equal to or less than 5 wt. %. In another
example, no conductive additive may be present. In one example, the conductive additive may be
mixed with the anode electroactive material,

{G028] At 206, the slurry made by mixang the 81 electroactive material with a hybrid binder
1s coated on a copper (Cu) current collector. The slurry 1s dried on the current collector and

compressed to fabricate the silicon anode at step 208, In one example, the slurry may be coated on



CA 03000686 2018-03-29

WO 2017/059117 PCT/US2016/054512

both sides of the Cu current collector. In another exampie, the slurry mayv be coated on one side of
the Cu current collector.

{0029] At step 210, silicon anode coated with a St electroactive material and binder may be
assembled into the Li-1ion cell. The Li-1on cell may comprise a cathode including a cathode current
collector, a separator, an electrolvie, and a silicon anode fabricated as described above. The Li-ion
cell may show improved cycle life and a balance of adhesion strength and first cycle efficiency.
{30306] One example of fabricating a 851 anode following method 200 may mclude a &
electrochemically active material, a surface coating, and a hybrid binder in a range of 2-15 wt. %.
The 51 electrochemically active matenial may be prepared from an anode powder, such as a
compostte of stlicon and graphite wherein the siiicon powder comprises silicon nanowires grown
on a graphite base. The anode powder may be combined with a hybrid binder, wherein the binder
may be a combination PYDE and PAA 1n a mass ratio of 2:1. The anode powder and hybrid binder
mixture may then be coated onto a copper current collector and then calendered to fabricate an
anode. In one example, the St anode may be pre-lithiated.

{0311 Thus, method 200 provides a unique approach to fabricate an enhanced St anode with
cither a hybrid binder 1n a solvent based system or an aqueous based system. It may be appreciated
that method 100 and 200 may be undertaken sequentially to avoid the formation of microgels, e.¢ |
the hybrid binder 1s fully formed belore its integration into the anode.

{G032] FIG. 3 illustrates schematic 300, which illustrates the steps to fabricating a silicon
anode in a Li-ion cell. In another example, a carbon anode may be used in place of the silicon
anode.

10033 A silicon anode 302 such as described in regards to FIG. 2 1s obtained. The silicon
anode 302 may be a fully tabnicated electrode. Thus, 1n some examples, it will be appreciated that
the stlicon anode 302 may be included in a Li-1on cell with no turther treatment. The silicon anode
may then be assembled 1nto a Li-on cell 310 as outlined 1n step 210 in method 200 of FIG. 2. The
Li-ion cell may comprise a cathode 304, a separator 306, and the silicon anode 308. Further, an
electrolyte 312, indicated by the shaded box, may be disposed throughout the Li-ion cell. The
electrolyte may be in contact with both electrodes.

{0034] The cathode 304 may include a cathode active material on a cathode current collector.

The cathode active material may be one of a NCA, a L1 oxade, such as a Lithium metal oxide for
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exampie, a matenal capabie of intercalating/de-intercalating Li ton, etc. Further, a binder may be
mixed with the cathode active matenial.

10035] The separator 300 has no particular resiriction on the source matenial or morphology
of the separator for the Li-1ion cell of the present application. Additionally, the separator serves to
separate the anode and the cathode so as to avoid their physical contact. The preferred separator
has high 1on permeability, a low electrical resistance, excellent stability against the electrolviic
solution and excellent liquid holding properties. Example matenals for the separator may be
selected from nonwoven fabric or porous film made of polvolefins, such as polyethylene and
polypropylene, or ceramic coated matenals.

{G036] The electroivte 312 may comprise L1 salt, organic solvents, such as organic carbonates,
and addifives. The electrolyte 1s present throughout the Li-ion cell and in physical contact with the
anode, cathode, and separator. The molar concentration of the hithium salt may be between (0.5 and
2.0 mol/L. The hthium salt may be selected from the group consisting of LiCl0s, LiPFg, LiBF4,
LiCEF380s, LiN(CEF3502 ), LiIN(CECE250:z2):, LiN{CEFSOR ) CsFoSn), 1iBOB, LiTFS:, and
LiC{CEF:50n ). Further, the electrolyte may comprise aprotic solvents. For example, the solvent
may comprise at ieast one of ethyvlene carbonate, propyiene carbonate, butylene carbonate,
dimethyl carbonate, diethyl carbonate, and ethyl methyl carbonate, v-valerolactone, methyl
acetate, methyl propionate, tetrahvdroturan, 2-methyl tetrabydrofuran, tetrahydropyran,
dimethoxyethane, dimethoxymethane, ethyiene methyl phosphate, ethyl ethviene phosphate,
trimethyl phosphate, triethyl phosphate, halides thereof, wvinyl ethylene carbonate and
Huoroethyienecarbonate, poly{ethylene glycol)}, diacrylate, and combinations thereot.

10037 Thus, a Li-ion cell may be fabricated comprising the silicon anode, the cathode, the
separator and the electrolyte. The Li-ion cell may be fabricated as a prismatic cell in one example.
in another example, the Li-ion celli may be a pouch cell. The Li-ion cell may be used in
rechargeable batteries to provide the unexpected result of 1mproved cycle life performance and
balance of adhesion strength and first cycle etticiency due to the unexpected combination of a
hybrid binder and S1 anode.

{30338] Turning to FIG. 4, a chart 400 1s dliustrated which shows the adhesion strengths for
PVDF versus conventional water based binders CMC and PAA, and versus a hybrid binder of
PYDF and PAA. A mixed binder of PVDK and PAA with mass ratio ot 2:1 exhibited adhesion

strength of 14.8 ¢/in, approximately 2 times that of the CMC based sample, and approximately 4



CA 03000686 2018-03-29

WO 2017/059117 PCT/US2016/054512

times that of the PAA based sample. In one example, a St anode with the mixed binder exhibited
an adhesion strength of at least 70% that of the PVDF based 51 anode. As such, sigmificant
inereases in adhesion sirength was exhibited in the hybnd binder St anode compared to the PAA
and CMC binder based &1 anodes. In another example, the Si anode with mixed binder exhibited
at most about 32% adhesion reduction compared io that of a PVDFE binder. As discussed below in
FIG. 5, the mixed binder anode displayed a significantly greater first cycle efficiency compared to
that of the PVDF based anode.

10039 Turmning to FIG. 5, a chart 500 15 dlustrated which shows first cycle columbic
efficiency of 51 anodes with various binders. As shown in FIG. 5, the first cycle efficiency of cells
assembled with a hybrid binder of PVDE and PAA can be significantly improved over PYDFE
based Si anodes. An increase of about 13.6% 1n first cycle life efficiency was observed with mixed
binders for the same St anode, resulting 1m more cell capacity and energy when compared with
PVDF based 51 anode cells. This represents a significant gain 1n terms of cell energy density per
unit measure, which is a key attribute for high energy rechargeable batienies. In this way, the mixed
binder anodes exhibited a balance between adhesion strength and first cycle efficiency.

{3040] FIG. 6 illustrates a graph 600 of the cycle life of example stlicon anode electrodes
coated with various binders. The electrodes were butlt into single layer pouch cells and cycle hife
tested to compare performance. Lines 602 and 604 represent PVDE/PAA pouch cells tested under
different conditions, lines 606 and 608 represent PV pouch cells treated under different
conditions, wherein the pouch cells were tested with C/2 charge and discharge at room
temperature, between 3.0V and 4 3V, and at 100% depth of discharge (B3013). The cells with mixed
binders showed approximately 4% more capacity retention than that of PVDFE betore 75%
retention was reached. Thus, cells with the hybnid binder unexpeciedly displayved better cycle life
before 67% retention.

{0041 ] Tuming now to FIG. 7, a chart 1s illustrated at 700 showing a first cycle capacity
comparison of PAA and PVJAF+PAA based 51 anode binders. As illustrated, the PAA-based S
anode shows a normalized capacity percentage of 100 percent for the FCC (first charge capacity)
and 100% for FDC (first discharge capacity ). In repeated examples, the hybrid binder PVdE+PAA-
based 51 anode shows a significantly higher capacity with increased normalized capacity for FCC
and increased capacity for FDC while mamtaimng approximately the same etfficiency.

Specifically, using half cell coin cell data for 1900 mAh/g powder, the hybnd PVDF+PAA-based
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St anode binder was found to have significantly higher capacity based on target FCC/FDC while
maintaining cycle etficiency of approxamately 84-85%.

10042 The combination of the flexibility and mnherent restlience of the PV binder, which
allows for strong adhesion, and the PAA binder, which provides increased first cycle efticiency,
provides the unexpected properties seen in the Si/hybiid binder anode used 1 high energy density
rechargeable celis. Thus, the hybrid binder combined with the Si anode active matenial provides
an anode with a flexible binder combination which may allow for inttial pulvenization as the anode
expands and contracts during initial cycling of the cell resulting 1n an initial capacity decrease. The
combination of the two previously incompatible binders provides a synergistic effect which better
enables a balance between adhesion strength and first cycle etficiency, and which also shows an
unexpected result of increased cycle hife.

10043 As described above, a Li-ion battery 1s disclosed. The Li-ion battery includes a cathode
including a cathode current collector and an electroactive cathode maternial disposed on one or both
stdes of the cathode current collector, an anode comprising an anode current collector and a stlicon
electroactive anode material disposed on one or both sides of the anode current collector, wherein
the silicon electroactive anode matenal includes a hybnid binder, the hybrid binder a mixture of an
aquecus based binder and a non-aqueous based binder, the hybrid binder comprising a blending
ratio of 10 wi. % to 90 wt. %, a separator material between the cathode and the anode, and an
electrolvte in contact with the cathode, the anode, and the separator

{6044] Further, a method of prepanng an anode for use in a Li-ion cell 1s disclosed. The
method includes recetving the negative electrode active material wherein the negative electrode
active materials 1s a powder composite of silicon and graphite, combining the negative electrode
active material with a hybnd binder with a mass ratio range of 0.1:1 1o 9:1, the hybrid binder a
combination of a non-agueous binder and an aqueous binder, to form a mixture, coating the
mixture on a copper current coliector to form a laminate, and compressing the laminate to yield an
anode.

{004 5] In this way, Li-ion cells were made using 81 anodes wherein the anode comprises a
stlicon electroactive material and a hybrid binder, such as PVDE/PAA, PVDE/CMC, PVDFE/PAN,
or PAN/PAA. The disclosed method for using a hybrid binder allows for PAA to be used 1n a
solvent based system, or PYVDF to be used 1n a waler based system, for exampie. In this way, the

binders may no ionger be hmited to a particular solvent. The unexpected combination of binders
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allows for blending previcusly non-soluble binders in order optimize characternistics of the
individual binders to better withstand the volume changes of the S1 anode while also better
enabling adhesion.

10046] Finally, 1t will be understood that the articles, systems, and methods described
hereinabove are embodiments of this disclosure—noun-lumiting examples for which numercus
variations and extensions are contemplated as well. Accordingly, this disclosure includes all novel
and non-obvious combinations and sub-combinations of the articles, systems, and methods

disciosed herein, as well as any and all equivalents thereot.
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CLAIMS:
i, A Li~ion battery comprising:

a cathode comprising a cathode current collector and an electroactive cathode material
disposed on one or both sides of the cathode current collector;

an anode comprising an ancde current collector and a silicon eleciroactive anode matenal
disposed on one or both sides of the anode current collector, wherein the silicon electroactive
anode material includes a hybrid binder, the hybnd binder including a mixture of an aqueous based
binder and a non-aquecous based binder, the hybrid binder comprising a biending ratio of 10 wt. %
to 90 wi. Y%:

a separator material between the cathode and the anode; and

an electrolyte in contact with the cathode, the anode, and the separator.

2. The Li-ion battery of claim 1, wherein the aqueous based binder comprises carboxvi
methyiceliuliose {(CMC), a composite of carboxyl methylcelluiose and styrene butadiene
(CMC/SBR), or polyacrylic acid (PAA).

3. The Li-ion battery of claim 1, wherein the non-aqueous based binder comprises

polyvinylidene fluoride (PVDE) or polyacrylomtride (PAN).

4. The Li-1ion battery of claim 1 wherein the hybrnid binder 1s a combination of PVDF and
PAA.

5. The Li-10on battery of claum 4, wherein the mass ratio of PVDEF and PAA1s 2.1

5. The Li-ion battery of claim 1, wherein a surface of the hybrid binder 1s hydrophobic or

hydrophilic depending on a solvent system.

7. The Li-10n battery of claim 1, wherein the anode current collector 15 copper.

3. The Li-1on battery of claim 1 wherein the hvbrid binder ts present at a weight percent less

than 15 wt. %.
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9. The Li-ion battery of claim 1, wherein the hybnid binder 1s present at 10 wt. %,
0. The Li-ion battery of claim 1, wherein the sihicon electroactive anode material further

inciudes a carbon based conductive additive,

i The Li-ion battery of claim 1, wherein the hybrid binder is combination of PVDF and CMC

int a water-based systen.

12, The Li-ton battery of claum 1, wherein the hybrid binder 1s a combination of PAN and PAA

in an NMP-based system.

{3, A method of preparing an anode for use 1n a Li-ion cell comprising:

receiving the negative electrode active material wherein the negative electrode active
materials 1s a powder composite of silicon and graphite;

combining the negative ¢electrode active matenial with a hybrid binder with a mass ratio
range of 6.1:1 to 9:1, the hybrid binder a combination of a non-agueous binder and an agueous
binder, to torm a mixture;

coating the mixture on a copper current coliector to torm a laminate; and

compressing the laminate to yield an anode.

I4. The method of claim 13, wherein the hybrnid binder 1s present at 10 wt. %
15 The method of claim 13, wherein the mass ratiois 2: 1.
16. The method of claim 13, wherein a surface of the hybrid binder 1s hydrophilic or

hydrophobic depending on a solvent system.

17. The method of claim 13, wherein the non-aqueous binder 15 PVDF and the aqueous binder

i1s PAA.
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{8.  The method of claim 17, wherein the PAA 1s added to the PVYDF at a temperature of 23°(C-

60°C for 8 to 16 hours under stirring.

19. The method of claim 18, wherein the PVYDF and PAA are combined in an NMFP solvent.

20, The method of claim 13, wheretn the hybnd binder 15 present tn an agueocus solvent or an

organic solvent.
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