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ELECTRODES FOR ENERGY STORAGE DEVICES
Reluted Applications

The present application clatms the benetit of and priority to-each of ULS. Provisional Pat. App. Serial Ne,
53041801 filed huae 19, 2020 , ULS, Provisionsl Pat. App. Sental No. 62/934771 filed December 30,
2019; ULS. Provisional Pat. App. Sertal No. 62/871041 filed July 3, 2019; and U.S. Provisional Pat. App.
Sertal Wo, 63003341 filed Apnil 1, 2020, the entire contents of esch of the fivepaing referenves are

incorporated herein by reference.
Background

Liduum battertes are used i moany products meluding medical devices, electric cars, auplanes, and
comsurper products such as laptop computers, cell phones, and cameras, Due to their lugh energy
densities, high operating voltages, and low-self discharges, Hthium on batteries have overtaken the

secondary hattery market and continue to find new uses in products and developing industries,

Generally, lithium iton batteries ("LIBs” or “LiBs™) comprise an anode, a cathode, and an electrolyte
material such as an organic solvent containing a lithium salt. More specifically, the anode and cathode
{collectively, "slectrodas™} are formed by muxing either an apede active material or a cathode active
miaterial with a binder and a solvent to form a paste or shury which is then coated and dried on a current
collector, such as alupunum or copper, to form a filmon the carrent collector. The anodes and cathodes
are thent layered or coiled prior to being housed in a pressurized casing containming an electrolyvte matenal,

which all together forms o hithium 1on battery.

in conventions] electrodes binder is used with sufficient adhesive and chemical properties such that the
filmy coated on the current collector will maintain eontact with the current collector even when
manipulated to it into the pressucized haltery casing. Since the filn contains the glectrade active material,
there will likely be signmficant interference with the electrochemical properties of the battery 1f the film
doges not mamtain sufficient contact with the current collector. Further, 1t has been important to select a
binder that is mechanically compatible with the electrode active material(s) such that it is capahle of
withstanding the degree of expansion and contraction of the electrode active material{s) during charging

and discharging of the batfary.

Accordingly, binders such as ecllulosic binder or cross-linked polymeric binders have been used to
provide good mechanical properties. However, such binder materials have disadvantageous effects. For
example, the bulk of the binder fills volume in the electrode active layer which otherwise could be used fo

icrease the mass loading of active material and decrease the electrical conductivity of the electrode.
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Moreover, binders fend {o resct electrochemically with the electrolyte used 1n the cell (aspecially mhngh

voliage, bigh currant, and/or high temperature applications), resulting in degradation of the performance

of the celll
Summary

The applicants have realized that an electrode may be coustructed to exhibit excellent mechanical stability
without the need for bulk polvier busders.. In one aspect, the present disclosure describes ernhodinments
of an electrode active layer that includes a network of high aspect ratio carbon elements {e.g., carbon
nanotubes, carbon nanotube bundles, graphene flakes, or the like} that provides o highly electrically
conductive scaffold that entangles or snmeshes the active material, therehy supporting the layer. As
detatled below, a surface treatiment can be applied fo the high aspect ratio carbon elements io promate
adhesion to the active material and any underlying elactrode layers (2.g., a vurrent collector faver)
improving the overall cobhesion and mechamical stability of the active layer. This surface treatoyent fiams
only a thin (in some cases even monomolecular) laver on the network, leaving the large void spaces that
are free of any bulk binder material and so may iostead be filled with active nwaterial. The resulting active
laver may be forned with excellent mechanical stability even at large thickness and high sctive raatenial

mass loading.

n another aspeet, the present disclosure deseribes a method ncluding dispersing high aspect ratio carbon
elements and a surface freatment material in a solvent to form an inttial slurry, wheremn said dispersion
step resultsin the formation of & surfsce treatment on the high aspect ratio carbon; puxung active
niaterials info the first shury to form a final shurry; coating the final slurry onto a substrate; and drying the

final shurry to form an electrode active layer.

Various embodiments mey include any of the features or elements described herein, individually orin any

suitable combination.

Briel Dexcription of the Prawings
Figure | is a schematic of an electrode featuring an active material {ayer,
Figure 2 i3 a detailed illnstmation of sn embodiment of an active material layer.
Figure 3 15 a detailed illustmation of aneother embodument active maternial layer.
Figure 4 is an electron micrograph of an active material of the type described herein.

Figure 3 is a schematic of an energy storage cell.
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Figure 615 a flow chart iHlustrating o method of malang the elactrode of Figure 1,

Figure 7 shows a schematic of a pouch cell battery

Figure B shows a swnmary of functional pararmeters for & pouch cell battery for EV applications:
Figure 9 shows a summary of functinnal parameters for a pouch cell battery.

Figure 1 shows the results of a comparative performance evaluation of a pouch cell battery featuning a

binder free cathode (Iefl plot) and a pouch cell battery featuring a binder based cathode {(night plot).

Figure 11 shows the results of a comparative performance evaluation of a pouch cell battery featuring 8

binder free cathode (upper trace) and a pouch cell battery featuring a binder based cathode {lwer trace).
Figure 12 is a schematic of a half cell lithimm battery apparatus.

Figure 13 is a plot showmg potential (referenced fo the L/Lit potential) vs specific capacity for binder
free cathode half cell {solid traces) and reference bindsr based cathode half cell {dashed traces) at various

cuitent dengities

Figure [4 15 a plot showing potential (referenced to the L¥Lit potential) vs volunietric capacity for binder
free vathods have cell (sulid traces) sud reference binder based cathode half cell (dashed fraces) at vartous

current densities

Figure 15 shows a plot of volumetric capacity vs current density for binder free cathode half cells (upper

trace) and reference binder based ¢athode half cell ower trace):

Figure 16 shows a Nyquist plot resulting from electrochemical vnpedance spectroscopy for several binder
free cathode half cellx (square, circle and triangle fabeled traves) and a reference binder based cathode
half cells. The binder free cathode half cells exhibit significantly better petformance than the refercnce

cell.
Dietailed Bescription

Referring to Figure 1, an electrode 10 1s shown which mcludes an active layer 100 disposed on a current
collectar 101, Some embodiment may include s optional adbesion laver 102 disposed between the active

laver 101 and the current collector 102. In other embodiments, the adhesion layer 102 may be onutted.

The current collector 101 may be an electrically conductive layer, such as a metal foil. The optional
adhesion layer 102 (which may be onutied in some emboduments) may be a layer of matenal that

promotes adhesion betwesn the current collector 102 and the active layer 1041 Examples of suitable
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miaterials tor the current collector 101 and the optional adheston layer 102 are deseribed in International

Patent Publication No. WO/2018/102632 published June 7, 2015

Floctrods Active laver

In some emmbodiments, the sctive fayer 100 may include 2 three-dimensional network 200 of bigh aspect
ratio carbon elements 201 defiming void spaces within the network 200, A plurality of active material
particles 300 are disposed in the void spaces within the network 200, Accordingly, the active saterial
particles are enmeshed or entangled in the network 200, thereby mproving the cobesion of the active

layer 100,

In some embodiments, a surface trestment 202 {not shown, refer to Figure 2) 15 applied on the surface of
the hugh aspect ratio cathon elements 201 of the network 200, The eurface treatment promotes adhesion
between the high sspect ratio carbon elemients and the active material particles 300, The surfhace

treatment may also promote adhesion bebween the high aspect ratio carbon elentents and the current

collector 100 {also referred o herein as & “condustive laye™) and/or the option adhesion layer 102.

Ax psed hercin, the terny “high aspect ratio carbon elements” refers tir carbonaceous elements having a
size in one or more dimensions {the “major dimension{(s)"} significantly larger than the size of the

clement 1n a fransverse dimension {the “minor dimension™).

Forexample, in some embodiments the high aspect ratio carbon elements 201 may include flake v plate

shaped slements having two majpr dimensions and one miner dimension, For exapiple, i some such

embodiments, the ratio of the length of each of the major dimensions may be at least 5 times, 10 times,
00 e, 500 fimes, 1,000 tines, 5,000 t1mes, 10,000 times or move of that of the nunor dunension.

Exemplary elements of this tvpe inchrde graphens sheets or tlakes.

For example, in some simbodiments the high aspect ratio carbon elements 201 niay ebide elingated rod
or fiber shaped elements baving one major dimension and two minor dimensions. For example, in some
such embodmients, the ratio of the length of the magor dimensions may be at least 5 times, 10 fimes, 100
timnes, 300 times, 1,000tmes, 5:000 times, 18,008 timey v more of that of each of the minor dintensions.
Exemplary elements of {his type include carbon papotubes, bundles of carbon nanotubes, carbon

manorpds, and carbon fibers,

In some embodiments, the high aspact ratio carbon elements 201 may mclude single wall nanotubes
{(SWNT}, doubls wall nanotubes {DWNT), or multiwall nanotubes (MWNT?, carbon nanorods, carbon
fibers or mixtures thereof. In some embodiments, the high aspect ratio carbon elements 201 may he

i~

formed of interconnected bundles, clusters, or aggregates of CNTs or other high aspect ratio carbon
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miaterials, In some smibodiments, the high aspect ratio carbon elements 201 mav include graphene in

sheet, flake, or curved flake form, and/or formed o high aspect ratio cones, rods, and the like.

In soime embodiments, the electrode active layer 100 may contain little or no hulk binder material, leaving
more space 1 the network 200 to be occupied by active material particles 3048 For example, 1n some
embodiments, the active layer 200 contains less than 10%6 by weight, less than 196 by weight, less than

0. 1%% by weight, less than(.01% by weight, or less of binder niaterial {e.z., polymernic o cellulosic binder

niaterial} disposed mn the voud spaces,

For example, 1n some embodiments the electrode active layer 18 free of or substantially free of polymenie
material, or any material other than the active material 300, and the network 200 composed of the high

aspect ratin carbon elerents 201 and the swriace treatiment 202 disposed thereon.

o some embodiments, the network 200 is composed largely or even entively of carben. For example, n
sorme embodiments the network 200 15 at Teast 0% carbon by weight, at least 95% carbon by weight, at
least 9% varbon by weight | at least 97% carbon by weight | at beast 98%% carbon by weight at least 99%

carbon by weight, at least 99.3% carbon by weight, at least 99.9% carbon by weight, or more.

In some embodiments, a size {e.g., the average size, median size, or nuninnug size} of the high aspect
ratio carbon elements 201 forming the network 200 along one or two major dimensions may be at least
G b, 8.5 pm, 1o, § g, Hepm, S0 pum, 106 pms, 200 gm 300, um, S00-um, 500 pmy, 600 um, 7000

i, SO0 i, 00 pmy, 1000 ym o more. For exanple, in some enibodiments, the size {s.g., the average

size, median size, or minimum size) of the elements 201 firming the network 200 may be in the range of

1 pmto LOMKY pmy, or any subrange thereof, such as 1 um te 600 pm:

Insome embodunents, the sizeof the elements can be relativaly ontform. For example, in some

embodiments, more than 30%, 60%, 70%, 80%, 90%;, 95%%, 89% or more of the elements 201 may havea

size along one of two major dunensions within 10% of the averape size e the elements 201 making up

the network 2001

Applicants have found that an active layer 100 of the type herein can provide exemplary performance
{e.g., high conductivity, low resistance, high voltage perfinmance, and ligh energy and power density)
ever when the wiass fraction of elements 201 making vp the getwork 200 in the laver 106 i3 quite Tow,
thereby allowing high mass loading of active material particles 300. For example, in some embodiments,
the active layer 100 may be at least about 50 wt %4 (percent by weight), 60 wit 9%, 70 wi %, 75 wi %o, 80 wi

Vo, 83wt Yo, G0 wiE B, 95wt U6, 96 wi 96 9T wi %o, R st Wh, 99wt 9%, 985 wit %4, or niore of active

material paricles 300,
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In soime embodiments, the network 200 forms an nterconnected network of highly electrically vonductive
paths for current flow {e.g, electron or ion transport) theough the sctive layer 100, For example, 11 some
embodiments, highly conductive Junctions nay ocour af pomnts where the elements 201 of the network
intersect with each other, or where they are in close enough proximity te allow for quantum tunneling of
charge carriers {e.g., electrons or tons) from one elefvent 1o the next. While the elemients 201 may make
up a relatively low mass fraction of the active layer (e.g., Tess than w4 %, 5 wi %, 4 wi %, 3wt %, 8
wis, I wi % or less, e.g., in the range of 0.5 wit % to 10 wi % or any subrange thereod such as 1 wi % to
5.0 wt %53, the interconnected network of highly electrically conductive paths foemed in the network 200
may provide long conductive paths to factlitate current flow within and through the active Jayer 100 {e.e.

conductive paths on the order of the tuckness of the active laver 100y

For example, i some smbodiments, the network 200 may wchade one or mrore structures of
interconnected elements 201, where the structure has an overall length along one or more dimensions
longer than 2,3, 4, 5, 10, 20, 50, 104, 500, 1,000, 10.000 or more tunes the average length of the
component elements 201 making up the sttuctwre. For example, in some embodiments, netwaork 200 may
include one or more structures of inferconnected elements 200, whers the structure has an overall length
in the range of 2 to 10,000 {or any subrange thereot) times the average length of the component elements
281 making up the structure. For example, in sorne embodiments the network 200 may include highly
conductive pathways having a Jength greater than 100 wen, SO0 pm, 1,000 1, 10,000 e ormore, e.g.,

i the range of 1 pm — 10,000 jan of any subrange thereof.

As ysed hersin, the fern “highly conductive pathway™ is to be anderstood as a pathway formed by
nferconnected elements 201 having an electrical conductivity hugher than the electrical conductivity of

the active material parhicles enmeshed 1 the petwork 2000

Not wishing to be bound by theory, in some embodiments the network 200 can characterized as an
electrically intervonnected network of elements 201 exlubiting connectivity above a percolation threshokd.
Percolation threshold 1 & mathematical concept related to percolation theory, which 1s the formation of
longerange connechivity inrandom systems. Below the threshedd a o called “gtant™ connected component
of the erder of system size does not exist; while above it, there exists a giant component of the erder of

SyStem size.

In some embodiments, the percolation threshold can be defermined by mereasing the mass fraction of
elements 201 in the active layer 100 while measuring the conductivity of the layer, holding alf other
properties of the layver constant, In spime such cases, the threshold can be dentified with the mass fraciion

at which the conductivity of the laver sharply increases and/or the niass fraction above which the
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conductivity of the layer increases only slowly with increases with the addition of niore elemients 201,
Such behavior is indictive of crossing the threshold required for the formation of interconnected structures

that provide conductive pathways with a length on the order of the size of the active layer 100,

Figure 2 shows a detailed view of high aspect mtio carbon element 201 of the network 200 (as shown in
Figure 1) located near several active material particles 300, In the embodiment shivon, the surface
{reptmient 202 on the element 201 16 a surfsctant layer honded o the ouvter laver of the surface of the
element 211, As shown, the surfactant laver comprises a plurality of surfactant elements 214 each having
a hydrephobie end 211 and a hydrophilic end 212 wherein the hvdrophobic end is disposed proximal the

surface of the carbon clament 201 and the hydrophilic end 212 is disposed distal the surface.

In spine emboddiments where the carbon element 201 is hydrophobic (as 15 typically the case with
manotorm carbon elements sach as CNTs, ONT bundles, and graphene tlekes), the hydrophobic end 211
of the surfactant element 210 wall be atiracted to the carbon element 201, Accordingly. in some
embadinents, the surfsce trestivent 202 may be a self-assembling laver. Forexample, as detailed below,
i some emboditments, when the elements 201 are mixed v a solvent-with a surfactant elements 21010
forpya slurry, the surface treatment 202 layer self assenthes on the surface due to electrostatic

inferactions between the elements 201 and 210 within the slarry.

n some embodiments, the surfice treatment 202 may a self-lmiting layer. For example, ss detailed
below, 1 some embodiments, when the elemonis 201 are mixed in asolvent with a surfactant elements
213 1o fwmea slurry, thesurface trestiment 202 laver self assembles on the surfsce due o electrostatic
mteractions hetween the elements 201 and 210 witlun the shury. In some such embodiments, once an
groa of the surface of the element 201 1s coverad in surfactant elemnents 21, additional swefactant

elements 210 will not be sttracted to that ares. In some embodiments, onee the surface of the element 201

1s covered with surfactant elements 202, further elements are repulsed from the layer, resuliing i a self-

himiting process. For example, in sone emboduments the sorface freatment 202 may form in a self-
Limiting progess, thereby ensuring that the layer will be thig, ¢ g, a single molecule or a few molecules
thick.

In some emboduments, the hydrophilic ends 212 of at least a portion of the surfactant elements frm
bonds with the active material particles 300, Accordingly, the surface treatiment 202 can provide good
adhesion between the elements 201 of the network 200 and the active material particles. In some
embodiments, the bonds may be covalent bonds, or non-covalent bonds such as w- n bonds, hydrogen

bhonds, electrostatic bonds or combinations thereof
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For example, in some embodiments, the hydrophilic end 212 of the surfactant element 210 has @ polar

charge of a fust polanity; while the surface of the active nwsterial particles 300 carrv g podar charge of a

second polanity opposite that of the first polanity, and so are atiracted 10 each other.

For example, in sonie emboduments where, during formation of the layer 100, the active material particles
30¢ are combined in a solvent with carbon elements 201 bearing the surthoe trestment 207 (as described
v greater detail below) , the outer surface of the active material paticles 300 may be characterized by a
Zeta potential {as s known in the art) having the opposite sign of the Zeta potentiad of the outer surface of
the swrface treatment 202, Accordingly, in somwe such embodiments, attractions between the carbon
elenients 201 bearing the surface trestment 202 and the active material products 300 promote the self-
assemibly of a structure in which the active matenial particles 300 are enmeshed with the carbon elements

201 of the network 200,

Insome emthodiments the hydrophilic ends 212 of at least a portion of the surfactant elements form bonds
with a current eollector layer or adhesion layer underlying the active material layer 100, Accordingly, the

surface treatment 202 can provide good adhesion between the elements 201 of the network 200 and such

undetlying laver. In some smbodiments, the bonds may be covalent bonds, or non-vovalent bonds such

as - 7 bonds, hydrogen bonds, electrostatic bonds or combinations thereof. In some enbodiments, this
arrangement provides for excellent mechanical stability of the electrade 10, as discussed 1n greater detail

balow,

In various embodiments, the surfactant vsed to form the sorface treatiment 202 av deseribed above may
mchade any suitable matedal. For example, in some embodiments the surfactant may nclude one or more
of the following hexadecylinnethyvlammonium hexafluorophosphate (CTAP),
hexadecyltrimethylanumonivm tetrafluoroborate (UTAR), hexadecyltrimethylanunonium acetate,
hexadecylimmethylanymonium mitrate, hocamidopropyl betaine, N-{covoallcyl}-N N .N-
tinmethylanunonion methyl sulfate, and covamidopropyl betaine. Addiional suttable matenials are

deseribed below.

In some embodiments, the surfactant laver 202 may be formed by dissolving a compound in a solvent,
such that the layer of surfactant is formed from rons from the compound (e.z2., in a self-limuting process as
described above). In somesuch embodiments, the active laver 100 will then melnde residual counter tons

214 to the surfactant tons fornung the surface treatment 202,

In soime embuodiments, these surfactant counter tons 214 are selected to be compatible with use inan
electrochenyical cell. For example, 1 some embodiments, the counter tons are selected o he unreactive

or mildly reactive with materials used in the cell, such as an elecirolyte, separator, housing, or the ke,
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Forexample, 11 an alummuont bousing 15 used the counter 10n niay be selected o be unreactive or puldly

resctive with the alumininn bousing.

For example, in some embodiments, the residual counter lons are free or substantially free of halide
groups. For example, i1 some embodiments, the residual counter ions are free or substantially free of

bronmine.

Int some embodunents, the residusl counter jons may be selected to be compatible with an electrolyte used
it an energy storage cell containing the active layer 200, For example, in some embodiments, residual
counter ons maybe the same species of 1ons used in the clectrolyte ftself. For example, if the elecirolyte
inchudes 3 dissolved Li PF; salt, the electrolvte anion is PFs. In such a case, the surfactant may be
selecied as, for example, CTA PF6, such that the surface treatment 202 15 formed as a layer of anions
from the CTA PF6, while the residual surfactant counter fons ave the PRy anions from the CTA PF6 (s

matching the anions of the eleetrelvte).

In some embodimerts, the surfactant material used may be soluble in a solvent which exhibits
advantageous propetties, For example, 1 some embodunents, the solvent may mclude water or an
aloohol such s methanol, ethanol, or 2-propanol (sopropyl alcohol, sometimes referred to as IPAY or
combinations thereof. In some embodiments, the solvent may inclade one ormore additives used to
further improve the properties of the solvent, e.g., low boiling point additives such ss acetonitrile (AUN),

de-tontzed water, and tetrabydrofirran.

For example, if a low boiling point solvent is used in the formation of the surface iregiment 202, the
solvent may be quickly removed using a thermal dryving procass {e.g, of the type desersbed tn graater
detail below) performad at 8 relatively low tenperature. As will be understoad by those skilled in the ant,

this can improve the speed and or cost of manufacture of the active tayer 202,

For example, 1n some embodiments, the surfaee treatment 202 15 formed from a matenal which 1s soluble

1n & solvent baving a boiling pomt less than 2307 (, 225° , 202°C, 200° C, 185° C, 180 #(, 175°C,

IS0°C, 125° €, or less, .., less than or equal to 100° (.

In spime embodiments, the solvent may exhubit other advantageous properties. In somse embodiments the
solvent may have a low viscosity, such a viscosity at 207 € of less than or equal to 3.0 centipoise, 2.5
centipaise, 2.0 centipoise, 1.5 centipoise, or less. In some entboduments the solvent nwy have a low
surface tension such a surface tension at 20% ( of less than or equal to 40 niNiny, 35 mdim, 30 adl/m, 25

miN/m or lesx. In sonwe embodinents the solvent may bave a low toxieity, e.g. toxicity comparable to

aloohods such as wsopropyl alcohol.
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Notably, this contrasts with the process used to form convenhional electrode active lavers featuring bulk
binder materials such as padyvinylidene fluonide or polyvinylidene diftuoride (PVDF). Such bulk hinders
reguire aggressive solvents often characterized by high botling pomis. One such example 15 p-methyl-2-
pyrrolidone (NMPY. Use of NMP (or wther pyrrolidons based solvents) as a solvent requires the use of
high temperate dryving processes o rémove the solvent. Morveover, NMP is expensive, requiting &
complex solvent recovery system, and highly toxie, posing significant safety issues, In contrast, as
further detatled below, in varioos embodiments the active layer 200 may be farmed withiout the use of

NMP or sinnlar compounds such pyrrodidone compounds.

While one class of exemplary surface treatment 202 s described sbove, 1t is understond that other
tfreatments may be used. For example, 1n various embodiments the surface treatment 202 may be formed
by functionstizing the high aspect ratio carbon elements 201 using any suitable technigue axs described
herein or known in the st Functinnal groups applied tio the elenrents 201 may be selected to provnote
adhesion between the active material particles 300 and the network 200, For example, 1 various
enbodiments the functional groups may include carbiogylic groups, hydroxylic groups, amine groups,

silane groups, or combinstions thereofl

As will be deseribed in greater detail below, in some embodiments, the functionslized carbon elements
201 are formed from dried {e.g., lyoplalized) agueous dispersion comprising nanoform carbon and
functionalizing material such as a surfactant.  Inn some such embodiments, the agqueous dispersion is

substantially free of materials that would daniage the carbon elements 201, such as acids,

Referring to Figure 3, in some embodiivents, the surface treatment 202 on the high aspect ratio carbon
elemnents 201 meludes a thin polymernic layer disposed on the carbon elements that promotes adbesion of
the sctive material to the network. In some such embodiments the thin polymeric layer comprises a self-
assembled and or self-limiting polymer layer. In snine embodiments, the thin polymeric layer bonds to

the gctive nuaterial, e.g., via hydrogen bonding

In some embodiments the thin polvmeric layer may have a thickness m the direction normal 1o the ouler
surtace of the carbon elements of loss that 3 times, 2 tintes, | thimes, (1.3 times, 0.1 times that the minor

dimension of the element 201 {or less).

In some embodiments, the thin pelymere layer includes functional groups (e.g., side functional groups)
that bond 1o the active material, ¢.g., via non-covalent bonding such a »- ¢ bonding. In some such
enbodiments the thin pelymeric layer may fwm a stable covering laver over at least a portion of the

elements 20].
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In some embodiments, the thin polymeric layer on some of the elements 201 may bond with a current
collector 101 or adhesion layer 102 underlying the active layer 200, For exaraple, in some embodiments
the thin polymeric layer includes side functional groups that bond {o the surfice of the carrent collector
19 or adheston layer 102, ¢ g, via non-covalent bonding such a n- 1 bonding. in seme such
ambadinents the thin polymeric laver may form s stable coveting layer over at least a portion of the
elements 201, In some embodiments, this arrangement provides for excellent mechanical stability of the

electrode 14, as discussed 1n greater detail below,

in scane embodiments, the polvmeric material is miscible in solvents of the type described in the
examples abave. For exanple, in some embodiments the pelymeric material is miscible in a solvent that
includes an aleobol such as methanol, ethanol, or 2-propanol (sopropyl aleohol, sometimes referred to a5
PAY or combinations thereol, To some sinbodiments, the solvent mayinclude one or miote additives used
to farther improve the properties of the solvent, e.g., low boiling point additives such as acetontrile

{AUNY, de-tonized water, and tetrabyydrofuran.

Suitable examples of matenials which may be used o form the polymeric layer include water soluble

polvimers such as polyvindpyrrolidone. Additional exeniplary materials are provided below.

In soame embodiments, the potymeric material has 8 low molecular mass, e.g., less than or egual to
1,000,000 g/owl, 300,000 g/mol, 100,000 g/imol, 50,000 gfimol, 10, D00 g/mad, 5,000 gimol, 2,500 g/mel

or lass,

Note that the thin polymeric layer described above v qualitatively distinct from bulk polymer binder used
invonventional electrodes. Rather than Gilling a significant portion of the volume of the active layer 100,
the thin polymeric layer resides on the surface of the high aspect ratic carbon elements, leaving the vast

majority of the void space withing the network 200 available to hold active material particles 301

For example, in some embodiments, the thin polymeric layer has a maxinum thickness in a direction
normal {0 sn.outer surface of the network of less than ar equal to 1 tmes, Q.5 imes, 0.25 tunes, or lessof
the size of the carbon elements 201 along their minor dimensions. For example, in sone entbodiments
the thin pelymeric layver may be only a few molecules thick (e.g., less than or equel to 108, 50, 1, 5,4.3,
2, vy even 1 mlecule(s) thicky, Accordingly, in soeue embodiovents, less than 108%, 396, 1%, 0.1%%, (.61

%, 0.001% or less of the vohune of the active layer 100 is filled with the thin polymeric layer.

Inyet further exemplary erobodiments, the surface treatment 202 may be formed & layer of carbonaceous
materiad which results from the pyrolization of polymgric material disposed on the high aspect ratio

carbon elements 201, This layer of carbonacevus matenial {2.¢., graphific v starphous carboal ay
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attach {e.g., via covalent bonds} 1o or otherwise promoie adhesion-with the active material particles 300,
Examples of suitable pyrolization techniques are described in UK. Patent Application Serial No,
637028982 filed May 22, 2020 One suitable polymeric nuaterial for use m thus technigque s

polvacrylonttride (PAN).

In various embodiments, the active material particles 300 may fnclude any active materiad suitable for use
in gnergy storage devices, including metal oxides such as hittuum metal oxides. For example, the active
miaterial particles 300 may include lithnan cobalt oxide {(LCO, sometimes called “lithium cobaltate™ or
“tithivm cobaltite,” is a chemical compound with ong variant of possible formulations being LiCofl:);
lithiume nickel manganese cobalt oxide (NMC, with a variant formula of LINtMnCo}; Hthiun manganese
oxtde (LMO with variant fornudas of LMy, Li:MnO; and othersy; hthium nickel cobalt aluminum
axide (LiNiCoAlO: and variants thereof a5 NUA) aad Iithiuwm titanate oxide (LT, with one vanant
forroula being LisTH0Og ) littvum iron phosphate oxide {LFP, with one variant formula being LiFePOy),
Lithiun nickel cobalt alumimim oxide (and variants thereof as NCAYas well as other similar other

materials. Other vartants of the foregoing may be included.

Ia soane ernbodiments where NMC 15 used g5 ant active material, nickel rich NME may beused, For
example, in some embodiments, the variant of NMC may be LiNuMn Loy, where x is equal to or
greater than about Q7. 0.75, 0.80, 0.85, or more. In some embodiments, so called NMOB11 may be used,

where in the foregoing formula x is about 0.8 and v iz sbout 0.1,

fnrsome enthodiments, the active material includes other forms of Lithiom Nickel Manganese Cobalt
Oxide (LiNMn, Co.0Oq). For example, common variants such as, without Hmitatiose NMC 111
{I.HN!:){ }\il’lo 3&\‘3 3,(}"}. I\?{Vi{ 832 (}:JlNI{I"k"i}}G\({‘O v{:}v}‘ ‘i\“ﬁfif 633 {}r_ﬂN]pQ}x{h’l«)ﬁ{Oo 3’8‘3}. ﬁﬂd oihers

may he used.

I some embodiments, e.g. where the electrode 1 wsed as an anode, the active material may inchude
graphute, hard carbon, activated carbon, panoform carhon, silicon, silicon oxides, carbon encapsulated
silicon nanoparticles. In some such embodiments the active layer 100 may be intercalated with lithium,

... using pre-lithiation methods known in the art.

It some embodunents, the technigues described herein nmay allow for the avtive layer 10 be made of in
large portion of material in the active layer, e.g., greater than 73%, 80%, 85%, 90%, 9%, 99%, 99.3%,
99.8% or more by weight, while still exhibiting excellent mechanicsl properties (2.g., lack of
delamination during operation in an energy storage device of thetypes descnibed herein}. For example, in

some smmbodiments, the active layer may have such aforementioned lugh amount of sctive material and a
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large thockness {&.g., greater than 30pm, [00pm, 150pm, 200um, or more), while stll exbubiting excellent
mechanteal properties {a.2., 7 lack of delamination during operation 1n an energy storage devige of the

types described hergin).

The active malerial particles 201 1n the active layer 10 may be characterized by a median particle sized
inthe tangeof ez, 0.1 pin and M) pcrometers pm, or any subrange thereof.  The active materal
particles 201 in the active layer 100 may be characterized by s particle sized distribution which is
monomodal, bimmoedal or multi-modal particle size distribution. The active material particles 201 may
have a specific surface area in the range of 0.1 meters squared per gram {(m™/g) and 10 meters squared

per gram {nw'/g), or any subrangs thereofl

Ia soane ernbodiments, the gotive layer 100 may have mass loading of sctive matenal pasticles 300 s g of
at least 20 mg/om® 30 mgfeny #0mgleny, mglont 60mglen, 70 mgiom’ Rmglom’ mglom’ 100

mgieny’, or more.

Referring {o Figure 4, an electron micrograph of an exemplary active material layer of the type described
herein is shown. Tendril like high aspect ratio carbon elements 201 (formed of CNT buadles) are clearly
shown enmeshing the sctive material particles 300, Note the lack of any bulky polyvmeric material taking

up space within the layer.

Energv Storags ‘Ceﬂ

i~

Referring to Frgure 8, an energy storage cell 500 i3 shown which includes s fivst electrode 501 a second
electrode $12, a permeable separator S03 disposed between the first electrade 301 and the second
electrode 542, and ay electrolyvie 504 welting the firgt and second electrodes. Gue (o botli of the

electrodes 301, 302 may be of the type deseribed herein.

In some embodiments, the energy storage cell 500 may be a battery, such as a lithinm ton battery. Iy sonie
such embodiments, the electrolyte may be a lithium salt dissolved in a solvent, .., of the types described
inQu Ly, Junes Chen, Lei Fan, Xuegian Kong, Yingving Ly, Progress in electrolvtas for rechargeable Li-
based batteries and beyond, Green Eoergy & Environment, Volume 1, Issue 1, Pages 1842, the entire

contents of which are incorporated herein by reference.

In soame such embodiments, the energy storage vell may have an operational voltage inthe range of 1OV

to 3.0V, or anysubrange thereof suchas 2.3V 4.3V,

in seime such embodiments, the energy storage cell 500 may have an operating lemperature range

comprising ~40° Ot 100%C or any subrange therenf such as -10* C 1o 60 €.
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In some such embodiments, the energy storage cell 500 may have a gravimeinic energy density of of least

100 Whikg, 200 Whike, 300 Wivkg, 400 Whikg, 300 Whikg, 1000 Whikg or more.

In soime such embedinents, the energy stowage cell 500 may have a volumetric energy density of at least

200 WHL, 400 Wh/L, 600 WhiL, 800 Wh/L, 1,000 WL, 1,500 Wh'L, 2,000 WL or more.
o some such embodiments, the energy storage cell 500 may have a O rate in the range of .1 to 30.

In some such embodiments, the energy storage cell 300 may have a cyele life of at least 1,068, 1500,

2,008, 2,500, 3,000, 3,500, 4,08} or more charge discharge cyeles.

In some embodimerts, the energy storage citl M¥) may be a lithium lon capacitor of the type described in
ULE, Pat. App. Serial No. 63/021492, filed May 8, 2020, the entire contents of which are incorporated

herem by reference.

a sovme such srubodinents, the energy storage cell 300 may Trave an aperating temiperature tange

comprising -60° Cto 100° € or any subrange thereof such as -40° Co 85° C.

In some such enibodiments, the energy storage cell 500 may have a gravimetric energy density of at least

10 Whike, 13 Whke, 20 Whikg, 30 Wivke, 40 Whikg, 30 Whv'kg, ormore.

In some such enibodiments, the enetgy storage cell 500 may have a volumetric energy density of at least

20 WL, 30 WhiL, 40 WhvL, 58 WhiL, 60 WhiL, 70 Wh'L, 80 Wh/L. or morg.

In some such embodiments, the energy storage cell 500 may have a gravimetric power demsity of af least

SkWikg, 7.5 Wikg, 10 kWike, 12,5 KWrkg, 14 kWikg, 15 kWikg or mors.

In some such embodiments, the enesrgy storage cell 34 may have a volumetric power density of at least

1O EWIAL, 15 KWL, 20 kWAL, 22.5 KW/L, 25 KWL, 2B KWL, 30 kWL or more.
In some such emibodiments, the energy storage cell 300 may have a Crate 1n the range of L to 100.

In some such embodiments, the energy storage cell 300 may have a oycle life of at least 100,000,

500,600, 1,000,000 or more charge discharge oveles.

Fabrication Methods

Theglectrode 10 feating sotive laver 100 as destribed herein miay be made ising any stiitable
manufacturing process. As will be understood by one skilled in the art, in some embodiments the
electrode 10 may be made using wet coating techniques of the types described i International Patent
Publication No. WO/ 2018102652 published Jhune 7, 201 € in finther view of the teachings described

herein,
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Referming to Figure 6, in some embodiments, the active layer 100 of electrode 10 may be formed using the
method 100G, In step 1001 high aspect ratio carbon slements 201 and a surface treatment material {eg., a
surfactant or polymer nuaterial as described herein) are combined with & solvent {of the type deseribed

herein} to form an initial shury.

In step 1002 the fnitial slurry is processed to ensure good dispersion of the solid materials in the shurry. In
sonwe-emtbodunents, Hus processing includes introducing mechanical energy into the mixture of solvent
and sobid matenials (e.g., using a sonicator, which may be sometines also be referred to as a “somifier™Yor
other suitable mixing device {e.g., 8 high shear mixer). In some embodunents, the mechanical energy
mntroduced into the nuxtiure is at least 0.4 kilowatt-hours per Kilogram (KWhikg), 0.5 kWhvkg, 0.6
kWhikg, 0.7 EWhvkg, 0.8 kWh'kg, 0.9 kWhikg, 1.0 kWhikg, ormore. For example, the mechanical
shergy wiraduced into the muxture per kilogram of mixture roay be in the ragge of 0.4 kWhikg to 1.8

kWhkg or any subrange thereof such as 0.4 kWhikg to 0.6 kWhikg

In some embodiments an ultrasonic bath mixer may be used. In other embodiments, a probe sonicator
nway be used. Probe somcation may be significantly wore powerful and effective when compared to
wltrasomc baths tor nanoparticle spplications. High shear forcescreated by ulimssonic cavitation have the
ability to break up particle agglomerates and result in sroaller and more untform particles sizes, Among
other things, somcation can result in stable and homogenous suspensions of the sohids 1n the shury,
Generally, this results in dispersing and deagglomerating and other breakdown of the solids. Examples of
probe sontcation devices include the @ Series Probe Senicators available from QSontea LLC of
Newtown, Connecticil. Another example includes the Brapson Digital SFX 45 sonicator available

commarciaily from Thomas Scientific of Swedesbors, New Jersey.

In some embodiments, however, the localized nature of each probe within the probe assembly can result

1n uneven nuxing and suspenston. Such may be the case, for example, with large sanples. This may be

countered by wse of & setup with a contingous How cell and proper mixing, That 15, with such 8 setup,
mixing of the shurry will achieve reasonably uniform dispersion.
In some embodiments the tutial sharry, onve processed will have a viscosity in the range of 3,000 ¢ps to

23,000 cps or any subrange thereof, 2.g., 6,000 cps to 19,000cps.

n step 1003, the surface treatment 202 may be fully or partially formed on the high aspect matio carhon

elements 201 1n the nutial shurry. In some embodiments, at tus stage the sirface treatinent 202 may self-

assenible as described in detail above with reference to Figures 2 and 3. The resulting surface treatiment

201 may mchude functional groups or other features which, as described in further steps below, may

promote adhesion betwesn the high aspect ratio carbon slements 201 and active material particles 360,
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In step 1004 the active material particles 300 may be combined with the sutial shury to form a final
slurry containing the active nwtenial particles 300 along with the high aspect ratic carbon elements 201

with the surface treatmment 202 formed theteon.

In some embodiments, the active material 300 may be added directly to the initial slurry. In other
embodinents, the active material 300 viay first be dispersed in @ sodvent {e.g., using the techniques
described above with respect fo the mitiel sodvent) tofoem an active material slumry. This active material

slurry may then be combimed with the mitial shury fo toroy the final slerry,

In step 1003 the final shurry 18 processed to ensure good dispersion of the solid materials i the final

sturry. In various erobodinents any suitable nuxing process known in the art may b used. In some

embodiments this processing may use the techniques described sbove with reference to step 1002, In
some embodiments, a planetary mixer such as @ multi-axis (2.g., three or more axis} planetary mixer may
be ysed. In some such embodinents the planctary mixer can feature multiple blades, e g., two or more
nuxing blades and one or note {e.g., two, three, or more) dispersion blades such ag disk dispersion

hiades.

In some embodiments, during this step 1003, the nratrix 200 enmeshing the active material 300 miay fully
or partially self-assernble, as deserthed in detml above with reference to Figuwres 2 and 3. In some
enbodiments, interactions between the surface treatment 202 and the sctive material 300 promate the

self~assembly process.

I some embodiments the final slurry, once processed will have a viscosity in the range of 1,000 cps fo

18L.008) cps or any subrange thereof, e.g., 2,500 ops to SO0 cps

In step 1006, the active laver 100 is formed fron the final slurry. In some embodiments, final sluery may
be cast wet directly onto the coment collector conductive layer 101 (or optional adhesion laver 102} and
dried. As an example, casting may be by applyving at least one of heat and g vaciun untd substantially all
of the solvent and any other liquids have been removed, thereby fonming the active layer 100, In some
such enbodiments it may be desimable to protect various parts of the underlying lavers. Forezample, it
may desirable to protect an underside of the conductive laver 101 where the electrode Hiis intended for
two-sided operation. Protection may include, for example, protection from the solvent by masking certam

areas, o providing a drain to direct the solvent away.

In other embodiments, the final slurry may be at least partiadly dried elsewhere and then transterred onto
the adhesion laver 102 oy the conductive laver 101 to form the active layer 100, using any suitable

techmgue (2.0, rolisto-roll laver application). I some embodupents the wet conbined slurry gy be
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placed onio an infermediate material with an appropriate surface and dred to form the layer (i.e., the
active layer 100). While any msterial with an appropriste surface may be used as the inermediate
material, exensplary intermediate material includes PTFE as subsequent removal from the surface is
facilitated by the properties thereofl In some embodiments, the designated layer is formed in a press to

grovide a layer that exhibits o desired thickness, swes sand density.

In some emboduments, the final slurry may be formed uio a sheet, and coated onto the adbesion laver 102
or the conductive layer 101 as appropriate. Forexample, i some embodiments, the final slarry may be
appliad to through a slot die to control the thickness of the applied layer. In other embodiments, the
slurry may be applied and then leveled to a desived thickness, e.p., using s doctor blade. & vawiety of
other technigques may be used for applying the slury. For example, coating technigues may nclude,
without Hmitation: conuna coaling: cotuna reverse coating: dictor blade voating; slot die couting; divect
gravure coating, air doctor coating (air kaife); chantber doctor coating: off set gravure coating; one roll
kuss coating; reverse kiss coating with a small diameter gravure roll; bar coating; three reverse roll coating

{top feedy; three reverse roll coating (fountain die); reverse roll coating and others.

The viscostly of the final sturry roay vary depending og the apphication technique. For example, for
conuma coating, the viscosity may range between about £000 ¢ps to about 200,000 cps. Lip-die coating
provides for coating with shurry that exhubits a viscosity of bebween about 300 ops to about 300,000 ¢ps.
Reverse-kiss conting provides fir coating with shurry that exhibits a viscosity of between about 5 eps and

1,000 cps. In some applications; a respective layer may be formed by multiple passes.

In some embodiments, the active layer 100 formed from the final shurry may be compressed {e.g., using a
calendating apparatus) before or affer being applied to the clectrode 10 In some embodiments, the shurey
miay he partisdly or completely dried (2., by applying hest. vacuum or a combination therent) prior toor
during the compression process. Forexample, in some embodiments, the active layer may be
compressed o a final thickeess (.5, in the direction normal to the current collector layer 101) of lese

than 90%6, 80%y, 70%, 3696, 40%, 30%, 2096, 10% or less of its pre-compression thickness.

In various embodiments, when a partially dried layer is formed during a coating or compression priscess,
the laver may be subsequestly fully duied, (e.g., by applying heat, vacuum or a combination thereof). In

some embodiments, substantially all of the solvent s removed from the active fayer 100,

In some embodiments, solvents used in formation of the shurries are recovered and recycled into the

slurry-making provess.
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In some embodiments, the active layer may be comipressed, e.g., to break soine of the constibient high
aspect ratin carbon elernents or other carbonaceous matenal fo increase the surface area of the respeciive
fayer. In some embodiments, this compression freabment may increase one of more of adheston between
the layers, ion transport rate within the layers, and the surface area of the lavers. In various embodiments,
compression can be applied before ov after the respective laver 15 applied to or fonmed o tlse electrade

140

In some embodiments where calendarnng 15 used to compress the active laver 100, the calendaring
apparatus may be set with a gap spacing equal to less than 90% 80%:, 70%, 50%, 40%, 3%, 2094, 10%
or less of the layer’s pre-compression thickness {e.g., set to about 33% of the layer’s pre-compression
thickness). The calendar rolls can be configured o provide suitable pressure, e.g., greater than | ton per
e of roll length, greater than 1.5 ton per omy of roll length, greatey than 2.0 ton per ¢rg of roll length,
greater than 2.5 ton per oo of roll length, ormore. In some embodiments, the post cownpression active
layer will bave a density in the range of 1 g/ce to 10 glec, or any subrange thereof such as 2.5 glecc to 4.0 ¢
ice. In soime erpbodiments the calendaring process may be carried out at a temperature i the range of 20
*C io 140 *C or any subrange thereof. In some embodiments the active layver may be pre-heated prior to

calendanng, e g, at a temperature in the range of 20 °C to 100°C orany sebrange thereof,

Once the electrode 10 has been assembled, the electrode 100 may be used to assemble the energy storage
device 10, Assembly of the energy storage device 10 may follow conventional steps used for assembling
elecirndes with separalors and placemsnt within a boysing such as a canister or pouch, and forther may

mchude additional steps for electrolyvte addition and sealing of the housing.

In various embodioents, process 1000 may mclude any of the following features (indbniduslly or in any

suitable combination)

Ia soane emnbodiments, the witial slurry has o solid contentin the rangs of I0196-20.0% (or any subrange
thereof) by weight. In some embodiments, the final slurry has a solid content 1 the range of 10.0%6 -

B9 (or any subrange thereof) by weight.

In various embodiments, the selvent used may any of those described herein with respect fo the formation
of the surface treatment 202, In some ambodiments, the surfactant material used to form the surface
tregiment 202 niay be soluble w1 a solvent which exhibits advantageous properties. For example, in some
embodinients, the solvent may include water or an alcohol such as methanol, ethanel, or 2-propanel
{isopraped alcohnl, sometimes referred tooas IPA) or combinaticass thereof. In some embodiments, the
solvent may mmclude one or more additives used to further improve the properties of the solveny, e.g., low

bothing pondt additives such as acetoniinile (ACN)Y, de-tonized water, and tetrabydrofuran
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In some embodiments, 1 g Jow botling point solvent is used the solvent may be quickly removed asing a
thermal drying process performed at a relatively low temperature. As will be vnderstond by those skilled
in the art, this can mmprove the speed and or cost of munuduacture of the electrode 18, For example, 1n

some embodiments, the solvent niay have a boiling point less than 250%.C, 225% C, 2027, 2007 C, 1857

C, 1807 C, 17550, 150° C, 1259 C, or less, e.g., loss than or equal to 1007 C,

In some emboduments, the selvent may exhibit other advaniageous properties. In some embodiuments the
solvent niay have a low viscosily, such a viscosity at 20° € of less than or equal to 3.0 centipoise, 2.5
centipoise, 2.0 centipose, 1.5 centipoisg, or less. In some embodiments the solvent may have a low
surface tension such a surface tension st 20° C of kess than or equal t0 40 mN/m, 35 niNim, 30 mN/m, 25
mNm or less. In some embediments the solvent may have a low toxictty, e.g., toxicily comparable fo

alcohols such a8 ssopropyl alechol.

fnrsome enmthodiments, during the formation of the active layer, a material forming the swrface treatment
niay be dissobved irva solvent substantially free of pyrrolidone compounds. In some embodiments, the

sofvent 1s substantially free of n-methyl-2-pyrolidone.

I someembodiments, the surface treatment 201 18 formed from g material that mcludes a surfacteant of

the type deseribed heretin

In soime embodiments, dispersing high aspect ratio carbon elements and a surface treatment material ina
sodvent fo form an mitial slurry comprises applying forces to agglomerated carbon elements to cause the
elements to shide aparl from each other along a direction fransverse o a mingy axis of the elements, In
some embodiments, techniques for forming such dispersions may be adapted from thosa disclosed in

International Patent Publication No. WO/Z01I8/162632 published June 7, 2018 in further view of the

teachings describad herein,

In some embodiments, the lugh aspect ratio carbon elements 201 can be funchionalized prior o forming &
slurry used to form the electrode 10, For example, in one aspect 8 method is disclosed that includes
dispersing high sspect ratio carbon elenents 201 and s surface freatment roaterial in an aguecus solvent to
form en wutial shury, wherein said dispersion step results inthe formation of 3 stwface treatment on the
high aspect rafio carbory drying the nutial shinry to remove sebstantially all rooistore resulting 1na dried
powder of the high aspect ratio carbon with the surface treatment thereon. In some embodiments, the
dried powder may be combined, e.g. with a shury of sobvent and active material to form a final solvent of

the type described ahove with reference to methnd 1000,
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In some embodiments, drving the imtial shury comprises lyophilizing (freere-drving) the nitial storry, In
soine emhadinients, the aquecus solvent and mitial shury are substandially free of substances damaging to
the high aspect ratio carbon elements. In some embodiments, the aquecus solvent and intial slurry are
substantially free of acids: In some embodiments, the tnitial shury consists essentially of the high aspect

ratie carbon dlements, the sweface treatinent miaterial, and water.

Some emboduments further include dispersing the dried powder of the high aspect ratio carbon with the
surface treatment in a solvent and adding and active material {o form a secondary shury; coating the
secondary shury onto a substrate; and drying the scoondary shorry to form an electrode active taver. In
sorme anbodinients, the preceding steps can be performed using techniques adipted from those disclosed
in International Patent Publication No. WO/2013/102632 published une 7, 2018 in further view of the

teachings descrbed herein.

fnvvome embodiments, the final sluery may inchade polymer additives such as polvacrilic scid {(PAAL,
polvivinyl alechel) (PVA), polylviny] acetate) (PVAC), polyacrylonitrite (PAN), polyisoprene (Plpo),
polyaniline (PAND), polyethylene (PE), polyimide (PT). polystyrene (P8), polyurethane (PU), polyvinyl
butyral {(FVB}, polyviayl pyrrelidoge {PVP). In some embodimants, the active layer may be treated by
applying heat {o pyrolyee the additive such that the surface treatment 202 may be formed a layer of

carbonaceous material which results from the pyrolization of the polymeric additive. This layer of

carbonaceous material {e.g., graphitic or amorphous carbon) may attach (e.g., via covalent bonds) to or

otherwise promte adhesion with the active material particles 300, The heat treatment raay be apphied by
any suitable means, 2.g., by application of a laser beamn. Examples of suitable pyrolization technigues are

described in LLS. Patenst Applivation Serial No. 63028982 filed May 22, 2020,
Surfactants

Thetechmgues described above include the use of striactants to for s swrince treattoent 202 og high
aspect ratia carbon nanotubes 201 in order 1o promote adhesion with the acive material particles 300.
While several advantageously suitable surfactants have been described, 1t is to be understood that other

surfactant material may be used, including the following.

Surfactants are moleculss or groups of modecules having surface activity, including wetting sgents,
dispersants, emulsifiers, defergents, and foaming agents. A variety of surfactants can be used in
preparation surface treatnents as deseribed herein, Typicaiiy_, the surfactants used contsin a lipophilic
nonpadar hydrecsbon group and @ polar functional hydrophilic group. The polar Rnctional group can be
a carboxylate, ester, anune, amide, unide, hvdroxyl, ether, nitrile, phosphate, sulfate, or sulfonate, The

surfactants can be used along or in combination. Accordingly, a combination of surfaclants can include
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antoniv, cafionic, nonionic, zwitlerionic, amphoteric, and ampholytic surfactants, so long as there is a nat
positive or negative charge in the head regions of the population of surfactant moleculzs. In same
instances, a single negatively charged or positively charged swrbactant 15 used 1n the preparation of'the

present slectrode compositions.

A surfactant used in preparation of the present electrode compositions can be anionic, including, but not
limted to, sulfonates such as alkyl sulfonaies, allylbenzene sulfonates, alpha olefin sulfonates, paratiin
sulfonates, and alkyl ester salfonates; sulfates sach as alkyl sullntes, alkyl alkoxy sulfates, and alkyl
alloxylated sulfates; phosphates such as monualicyl phosphates and dialloy] phosphates; phosphonates;
carboxylates such as fatty acids, allyd alkoxy carboxylates, ssrcosinates, isethionates, and taurates.
Spevific exaaples of carboxylates are sodinm oleate, sodium cocoyl 1sethionate, sodium methyl oleoyl
faurate, sodbuy laureth sarboxylate, sodivm trideceth carboopelate, sodin lauryl sarcosinate, lauroyl
sarcosine, and cocoyl sarcosinmte. Specific examples of sulfates include sodivo dodecyl sulfate (SDS),
sodiun laueyl sulfate, sodnun laureth sulfate, sodum trideceth sulfate, sodnun trndecy! sulfate, sodium

cocyl sulfate, and lauric monoglyveride sodium sulfate.

Suitable sulfonate surfactands include, but are not luutted to, allovl sulfonates, anl sulfonstes, monoalind
and diatkyl sulfosuceinates, and monoalkyl and dialkyl sulfosuccinamates. Each alky! group
independenﬂy comtains about fwo to fventy carbons and can also be etimxy},ated with up to about § units,
preferably up to sbout 6 units, on average, for example, 2.3, or 4 units, of ethylene oxide, per cach alkyl
group. Hustrative examples of alky and arvl sulfonates are sadium tudecy] benzene sulfonste (STBS) and

sodiien dodecylbenzens sulfopate {SDBSY.

Hiustrative examples of sulfosuccinates mclude, but are not linuted to, dimethicone copolyel
sulfosuccinate, diamyl sulfosuccinate, dicapry! sulfosucsinate, dicyclohexyl sulfosuccinate, diheptyl
sulfosuccinate, dihexyl sulfosuccinate, ditsobutyl sultosuccinate, dioctyl sulfosuccinate, C12-15 pareth
sulfvsuccinate, cetearyl sulfosuccinate, covopolyglucose selfosuccinate, cocoyl butyl ghiceth-18
sutfosuceinate, deceth-3 sulfosuccinate, deceth-6 sulfosuceinate, dibydroxysthyl
sulfosnccinyvlundecylenate, bydrogenated cotionsend glycende sulfosuceinate, isodecyl sulfosuceinate,
wostearvl sulfosucemate, laneth-3 sulfosucainate, lmureth sulfosuccinate, lavreth-12 sulfosuccinate,
laureth-6 sulfosucomate, laureth-$sulfosuccinate, lauryl sulfosuceinate, nonoxynel-1{ suliosyccinate,
oleth-3 sulfosucemate, oleyl sulfosucemnate, PEG-10 lauryleitrate sulfosuecinate, sitosereth-14
sulfosuccinate, stearyl sulfosuccinate, tallow, tndecyl sulfosuccinate, ditrideey] sulfosuccinate, bisglycol

ricinosulfosuccinate, dif 1,3-di-methylbutyljsulfosuccinate, and silicone copolyol sulfosuccinates.

21



io

20

30

WO 2021/007183 PCT/US2020/040943

Hustrative examples of sulfosecoinamates mnclude; but are not-limited o, lagramdo-MEA sulfosuccinate,
oleanudo FEG-2 sulfosuccinate, covanude MIPA-sulfosuceinate, cocamido PEG-3 sulfosuccinate,
iwostearamide MEA-sulfosaceinate, sostearamido MIPA-sulfosucanate, lmamido MEA-sulfosucemate,
lawramido PEG-2 sulfosuccinate, lewramido PEG-3 sulfosuccoinate, myristamide MEA-sulfosucoinate,
olesmide MEA-sulfvsuccinate, aleannde PIPA-sulfosuceinate; olenmide PEG-2 sulfosucsinate,

palnutamido PEG-2 sulfosuceinate, palmitoleamido PEG-2 sulfosuccinate, PEG-4 cocamido MIPA-

sulfostccinate, ncinolsamide MEA-sulfosuceinate, stearamido MEA-sultosuccinate, stearyl

sulfosuccinamate, tallamido MEA-sulfosuceinate, tallow sulfosuccinamate, tallowamido MEA-

sulfosuccinate, andecvienanudo MEA-~sulfosuccinate, undecylenamido PEG-2 sulfosuccinate, wheat

germanudo MEA-sulfosuccimate, and whest gernmanndo PEG-2 sulfosucemate.

Same examples of commercial selfonates are AEROSOL® OT-§, AERCGSOLE OT-MSO, AEROSGLE
TR70% {Cyter Inc., West Paterson, ML, MaSul CA-HT2 (King Industries, Norwalle, Coniy, and €500
{Crompton Co., West Hill, Ontario, Canada). AEROSOL® OT-S 15 sadium dipetyl sulfosuccinate in
petroteum distillate. AEROSOL® OT-MSO also contains sodium diocty! sulfosuccinate. AEROSOL®
TR7(% is sodium bistridecy! sulfosuccinate in mixture of sthanol and water, NaSul CA-HT3 is calenm

dinonyloaphihialene sulfonate/carboxylate complex. U300 15 an ot soluble calcium sulfonate.

Alkeyi or alleyl groups reters to satirated hydrocarbons having one or more carbon atorms, ncluding
straight-chain alkyl groups (for example, methyl, ethyvl, propyl, butvl, pentyl, hexvl, heptyd, vetvl, nonyl,
decyl, and so on}, cyclic slkyl groups {or cycloalyl or alicyclic or carbocyclic groups) {for example,
eyelopropyl, eyclopentyl, cyclohexyl, cycloheptyl, cyclooctyl, and so on), branched-chain alkyl groups
{for example, isopropyl, tert-butyl, sec-butyl, isobutyl, and so on), and allcyl-substituted alkyl groups (for

exsuriple, alkvi-substituted oveloalkyl groups and cycloalkad-substinuted alkyl groups).

Alkyl can include both unsubstituted slkyls and subsittuted alkyls: Substituted alkyls refers {o alkyl
groups having substituents replacing one or move hovdrogens on ong-or more carbons of the hvdrocarbon
backbone. Such substituents van tnclude, alkenyl, alloyayl, halogene, hydroxyl, allvlearbonyloxy,
aryiearbonyloxy, alkoxyoarbonyloxy, arvloxy, arvloxycarbonyloxy, carboxylate, atkylearhonyl,

arylcarbonyl, alkencyearbonyl, aminocarbonyl, aliiylaninocarbonyl, dialkylaminocarbonyl,

alkylthicearbonyl, alkoxyl, phosphate, phosphonaty, phosphinate, evano, aming (including alkyl snuno,

distkylamino, arylamine, disrylanunoe and alkylarylamine), acylamine (inclading allyvlcarbonylamine,
aryicarbonylamino, carbamoyl and wreido), toino, sulfliydryl, alkylthio, arylthio, thuocarboxylate
sulfates, alloylsulfinyl, sulfonates, sulfamoyl; sulfonamido, nitro, riflwromethyl, cvano, azido,

heterocvelie, alkvlaryl or aromatic {including heteroaromatic} groups.
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I some embodiments, substitnted allovls coanvinelude @ heterveyelic groap, Heterooyelic grovps include
closed ring structures analogous to carboeyclic groups m which one or more of the carbon atoms in the
ring s an element other than carbon, for example; nitrogen, sulfur or oxygen. Heterocyclic groups can be
saturated or wnsatwrated. Exemplary heterocyelic groups include, azividing, ethylene oxide (gpoxtdes,
oxiranes), thitrane (episulfides), dioxirane, azetidine, oxetane, thietane, dioxetane, dittuctane, dithiete,

azolidine, pyrrolidine, pyrroline, oxolane, dihvdrofuran and fran.

For an anionic surfactant, the counter ton is typically sodium but can alternatively be potassium, lithium,

calciom, magnestum, ammonivm, amines {primary, secondary, tertiary or guandary) or ether organic
bases. Exemplary amies include isopropylaniine, ethanolmunine, disthanolumine, and tricthanolamine.

Mixtures of the sbove calions can also be used.

A surlactant ased i preparation of the prasent matertals can be cationic. Such cationie surfactants
include, but are not limited to, pyridinienm-containing compounds, and primary, sccondary tectiary or
guaternary organic amines. For a cationio surfactant, the counter 1on can be, for example, chloride,

bromide, methosulfate, ethosulfate, lactale, sacchannate, acetate and phosphate. Examples of cationie

amines include polyethoxylated oleylstearyl amine, ethwniylated tallow aming, covoatkylaming,

oleylamine and tallow alkyl anune, as well as mixtures thereof.

Exsunples of quaternary amines with a single long alkyl groap are cetyltrinethy! anwoomiont hromide
{CTAB), beneyldodecyldimethylammonnun bronude (BddaBr), benzyldimethylhexadecylanunonium
chloride (BdhaCl), dodecyltrimethylammontum bromide, myristyl trimethyl amnmontun bronude, stearyl
dimethy! benzyl ammomum chloride, oleyl dimethy! benzyl ammonswm chlonide, laury] tnmetinl

sinimoniun methosulfate (also known as cocotrimonnim methosulfate), cetyl-dimetbyd hydroxyethyl

anuncnivm dibydrogen phosphate, bassuamidopropyikonium chloride, cocotrimenium ehioride,

distearvidunonivm chloride, wheat germ-amidopropaltkomem chloride, stearyl octyidunonivm
methosulfate, sostearaminopropal-kontum chlonide, dihyvdroxypropyl PEG-3 linoleammonium chloride,
PEG-2 stearmonium chioride, beheotrimoniim chloride, dicetyl dimonium chloride, tallow trimoninm

chloride and behenanidopropyl ethyl dinemium ethosulfite.

Examples of quaternary amines with two long alkyl groups are didodecyldunethylanunomiuny bronmide
{DDAR), distearyldimoninm ehloride, divetyl dimomum chlonde, stearyd octyldimontum methosuifate,
dilivdrogenated palmoviethyl hydroxyethylmoniun methosuliate, dipalmitoylethyl hydroxyethylmoniom
methosuifate, dioleoylethyl hydroxyethylmonium methosultate, and hydroxypropy! bisstearyldimonium

chioride.
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Quaternary smmonmum compounds of mudazoline derivatives include, for example, isostearyl
benzylinudonium chloride, cocoyl benzy! hydrowyethyl mudazolintun chlonide. cocavl
hydroxyethylimidazolimem PG-chioride phosphate, and stearyl hydroxyethylinndonium chloride. Other
heterocvelic quaternary ammeontum compounds, such ay dedecylpyridinium chioride, amprolium

hydrochloride {AH), and benzethonium hvdrochloride (BH) can also be used.

A surfactant used in preparation of the present nxafertals con be nontonie, including, but not limited to,
polyvalkylene oxide carboxylic acid esters, futly acid esters, fatty alcohols, ethoxylated ity alcohols,
poloxamers, alkanolamudes, atkoxylated atkanolamides, polyethviene glveol monoalkyl ether, and atkyl
polysaccharides. Polyalkylene oxide carboxylic acid esters have ane or two carboxylic ester moieties aach
with about § to 20 carbons and a polyalkylene oxide motety containing sbout 3 to 200 alkylene oxide
wnts. An ethoxylated fatty aleohol contains an ethylene oxide moiety contanuing abeut 3 fo 130 ethylene
oxide units and a fatty alcohol nuety with about 6 to abwut 30 carbons. The fatty alcohol moiety can be
cyclie, straight, or branched, and sahwrated or unsaturated. Some examples of ethoxylated fatty alcohols
mchude ethylene glyeol ethers of oleth alechol, steareth alcohol, lawryl aleohol and isocetyl alehol.
Poloxamers are ethylene oxide and propylene oxide block copolymers, having from about 13 to about 100
moles of ethylene oxide. Alkyl polysaccharide (“APS™Y surfactants (for example, allyl polvgtveosides)
contain a hydrophebic group with about 6 to about 3 carbons and a polysaccharide {forexample,
polvglveoside) as the hydrophilic group. An example of comomercial nonionic surfactant is FOA-S {Octel

Starveon LLC,, Littleton, Celoy

Specific examples of suilable nonionic surfactants include sltkanolumides such as cocamide
dicthanolamide ("DEA™), cocamide monoethanolamide (“MEA™), cocamide monoisepropansiamide
{“MIPA™), PEG-3 cocamide MEA | lavemmide DEA, and lauranude MEA; alky! amine oxides such as
laurantine oxide, cocamine oxide, cocamidopropylamine oxide, and lavranudopropylanune oxide;
sorbitan lavrate, sorbitan distearate, fatty acids or {athy acid exters such ac lanrie acid, 1sostestiv acid, and
PEG-150 distearate; faity alcohuols or ethoxylated fatty alcobols such as lauryl alcobol,

alkylpolyglucosides such as decyl glucoside, laurvt glucoside, and coco glucoside.

A surfactant used in preparation of the present nwaterials can be ewittenionic, having both a formal
positive snd negative cliarge on the sate molecule. The positive chargs group can be guatemary
anunoniuny phosphonium, or sulfonium, whereas the negative charge group can be carboxylate,
sulfonate, sulfate, phosphate or phosphonate, Similar to other classes of surfactants, the hydrophobic
motety can contain vne or more long, straight, eyclic, or branched, aliphatic chains of ahout € 1o 18
carbon atoms. Specific examples of zwitterionie surfactants include alkyl betaines such as covodimethyl

carboxymethyl belaine, lauryl dimethy! carboxymethyl betaine, luayl dimethyl alpha-carboxyethd
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etaine, vetyl dimethyl carboxymethyl betamne, lsuryl bis-{2-hvdroxyethylicarboxy methyl betine, stearyl
bis-{2-hydroxypropyljcarboxymethyl betaine, oleyl dunethyl gavuna-carboxypropyl betaine, and lauryl
bis-{2-hydroxypropyl ialphacarboxy-ethyl betaine, amidopropyl betaines; and alkyl sultaines such as
cocodimethyl sulfopropyl betaine, stearyrdimethyd sulfopropyl betaine, lavryl dimethyl sulfoethyl betaine,

lavryd bis-(2-hydroxyethysulfopropyl betame, and slkyvlamidopropylhydroxy sultaines.

A surfactant used in preparation of the present nisierials can be amphoteric. Examples of suifable
amphoteric surfastants melede anvnoenium or substituted spmmontem salty of aliod] amphocarboxy
glveinates and allyl emphocarboxypropionates, alkyt amphodipropionates, alkyl amphodiacetates, alkyl
anphoglycinates, and alkyl anyphopropionates, as well as alkyl iminopropionstes, alkyl
inunodipropionates, and alkyl amphopropylsulionates. Specific examples are cocoamphoaceiate,
cocoatphopropionate, cocomuphodiacetate, lavroemphoacetate, lanroamphodiacetate,
lavrmamphodipropionate, lawrvamphediacetate, cocommphopropy! sulfonate, caproamphodiacetate,

caproamphoacetate, caproamphodipropionate, and stearosmsphoacetate.

A surfactant used in preparation of the present materials can also be a polymer such as N-substituted
polvisobuteny! succinimides and succinates, alkyl methacrylate vinyl pyrrelidinese copolymers, alkyl
methacrylate-dialkylanunoethyl methacrylate copolymers, alkylmethacrylate polyethylene glyeol

methacrylate copolymers, polystearamides, and polyethylenimine.

A surfactant used m preparation of the present materials can also be a polysorbate type nomionic
surfactant such as pedvoxvethylene (20) sorbitan monolavrate (Polysorbate 20y, polyoxyethylene (20}
sorbitan monopalmitate (Polysorbate 40), polyoxyethylene (20) sorbitan monostearate (Polysorbate 60) or

polyoxyethylene (20) sorbitan monooleate (Polysorbate 80).

A surfactant used in preparation of the present materials can be an mil-hased dispersant, which inclndes

alkylsucemimide, succinate esters, high owlecular weight amines, and Mannich base andd phosphoric acd

derrvatives. Some specific examples are polyisobutenyl succinimide-polyethylenepolyamive,

polyisobutenyl succtmc ester, polyisobutenyl hydroxybenzyl-polyethvienepolyanune, and bis-

hydroxypripyl phospherate.

‘The surfactant used in preparation of the present materials can bea combination of two or more

surfaciants of the same or different types selected from the group cousisting of antenic, cationic, nonionic,

zwitterionic, amphoteric and ampholytic surfactants. Switable examoples of a combination of two or more

surfactants of the same type include, but are not limited to, 8 mixture of two anionic surfactants, a mixture

of three antonic surfactants, 2 nuxture of four antonie surfactants, a nuxture of fwo cationie surfactants, a

mixture of three cafionic surfactants, a mixture of four cationio surfactants, a mixture of two nonionic
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surfactants, 3 mixture of three nontonic surfactants, s mixture of four nemonte surfactants, amaxture of
two pwitterionic surfactants, a mixture of three zwitterionic surfactants, s mixture of four zwitlerioniz
surfactants, & mixture of two amphotene surfactants, 8 nixture of three amphoteric surfaciants, a mixture
of four amphoteric surfactants, & mixturs of two amphelytic surfactents, a mixture of three ampholytic

surfactants, and a mixture of four ampholytic surfactants.

Thin Polvimeric Laver Matenials

The techniques described above include the use of polymers Io form a surface treatment 201 on high

aapect ratio carbon nanotubes in order to promote adhesion with the active material particles 300, While

several advantageously suitable polymers have been described, it ix to be undesstood that other polymer

material may be used, including the following,

The polynier used in preparation of the present malenals can be polviner material such a water
processable polymer matertal. In various embodiments any of the follow polymers {and combinations
thereof} may be used: polyacrilic acid (PAA), poly{vinyl alcoboly (BVA), polyivinyl avetate) (PVAc),
polvacrylontirile (PAN), polvisoprene (Plpri, polyaniline (PANI), polvethylene (PE), polyumde (P1),
polystyrene {PS), polvurethane (PU), polyviayl butyral {PVB}, polyvinyl pymrolidone (PVPYL In some
embodiments. Another exemplary polymer material is fluorine acrylic hybrid Latex (TRD202A), and &

supplied by ISR Corporation.

Examples

The following non-linuting examples further describe the application of the teachings of this disclosure.
frithe following examples, the term “binder free™ or “binderless” slectrodes reference to electrodes of the
type described in detail above featuring a 3D matrix or scaffold of high sspect ratio carbons which a
surface treatment therson which prometes adheston of active msterial to the scafinld without the need fior

bulk polymerie binders such as PVDFE,

As used in the following the tern C-rate refers fo & measure of the rate at which a battery 13 discharged
relative to its maxinuorcapacity. A 1 rate racans that the discharge cwrrent will discharge the eatire
baitery in 1 hour. For a battery with a capacity of 100 Amp-hrs, this equates to a discharge current of 100

Amps.

_E}:ﬂmplﬁ 1 = Elecivic Velucle Battery Celi

The tollowing battery cell suitable for use in Electric Vebicles {("EV™). This cell combines cathede and
anode technology of the type desentbed herein for use, 2., i an EV application.. Key high-leve] benefits

mchde lower cost to manufacture, higher energy density; excellent power density, and wide temperature
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range operation, These benefits are derived from the herein described approach to manufacturing battery
electrodes, which elinunates the use of PVDF polymer binders and toxic solvents like N-Methyl-2-
pyrrelidone (NMP).  The result is a substantial performance advantage in range, charging speed, and
acceleration for the end-user with a manufacturing process that is hewer cost, less capital intensive and safer

for the battery producers.

The teachings hersin provide a techdogy platfonn o manufacture electrades for ensrgy storage which
may exhibit the following advantages: reduction in cost of manufacturing and in the $kWh of resulting
LIBs, increase mn energy densily by combiming cathodes with thick coatings and high capacity anpdes
featuring high performance active materials sach as St ar S10x, fast charging. The teachings herein provide
a scalable technology o improve power deasity in energy storage, by remowing conventional pelymer

bireders from the active material coatings.

Conventional electrodes for LiBs are fabricated by mixing an active material, conductive additives and a
polymer binder iy a slurry. Conventional cathodes are manufaciured using NMP-based shuries and PVDF
polymer binders, Thoge binders have very high selecular weight and promots cobssion of sotive material
particles and adhesion to the current collector finil via two main mechanisms: 1) the entanglement promoted
by long polymer chains, and 2} hydrogen bonds between the polymer, the active material, and the current
collector.  However, the polymer binder-based method presents significant drawbacks 1n performance:

power densily, engrgy density, and alsa cost to manufacture.

The teachings herein provide electrodes that do not have PVDF binders tn cathodes, or other conventional
binders in anodes. Instead, as detailed above a 3D carbon scaffold or matrix holds active mateniad particles
together to form a cohesive layer that 15 also strongly attached to the metallic cwrent collector. Such active
material structure is created during shorry preparation and subsequently in a roll to roll (*RIR™) coating and
deving process. One of the main advantages of this technology is its scalability and “drop-in” nature since

it compatible with conventional electrode manutactonng processes.

The 3D carbon nyatrix is formed chring a shairy preparation using the technigues described herein: high
aspect ratio carbon materials are properly dispersed and chemivally functionalized using, aig. & 2-step
slumy preparation process (such as the type dexcribed above with reference to Fig. 6). The chenues]
functionalization 15 designed to form an orgamzed self-assembled structure with the surface of active
material particles |, e.g. WMUC particles for use 1 a cathode or silicon particles (“Si™) or Silicon Ouxide

{“SI0x™) particles in the case of an anode. The so fornred shury may be based on alcoho! solvents fiw
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cathodes and water for anodes, and such solvents are very easily evaporated and handled during the

manufacturmg process. Blectrostatic interactions promte the self-orgamized structure in the shurry, and

alter the drving processthe bonding between the so formed carbon miatri with active matenal particles and
the surface of the currant collector is promoted by the surface treatment {e.g., functivnal groups on the

niatrix) as well as the strong entanglement of the active material in the carbon matrix.

As will be understood by one skilled in the @i, the mechanical properties of the electrodes can be readily
muodified depending on the application, and the mass loading requirements by tuning the swface

functionalization va. entanglement effect.

Affer coating and drving, the elecirodes undergo a calendaring step to contrd the density and porosity of
the active material, In NMC vathode electrodes, densities of 3.5 g/cr or more and 20% porosity or more
can be achieved. Depending on mass loadimg and 1IB cell requirements the porosity can be optimized. As
for S1Ox/Si anodes, the porosity s specifically controlled to accomumadate active naterial expansion during

the lithuation process.

o sone typical applications, the tesclungs herein may provide a reduction in $kWh of up to 20%. By
using friendly solvents thal are easily evaporated, the electrode throughput is higher, and more importanily,
the epergy consumpiion from the leng dners is sigmbficantly reduced. The conventinnal NMP recovery

systena swe also nuuch simplificd when alooho] or other solvent mixtures are used.

The teachings herein provide a 3D matrix that dramatically boosts electrode conduetivity by a factor of

10X to 100X compared 1o electrodes using conventional binders such as PVDIF, which enables fast charging

at a battery level. Thick electrode coatings in cathode up to 150um per side {or more) of current collector

are possible with this technology. The solvents used 1n the slorry in coinbination with a strong 31 carbon
matrix are designed to achieve thick wet coatings withoul cracking duning the drying step. Thick cathodes

with high capacity anodes are what enable a substantial jump in energy density reaching 400Whikg or more.

Fast charging 1s achieved by combining high capacity anodes that are lithiated through an alloying process
(88510 and by reducing the overall iopedugce of the cell when combining anodes and cathodes as
deseribed herpin, The teachings herein provide fast chargmg by having highly conductive electrodes.

and i particalar highly conductive cathode electrodes.
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Dne exemplary embodmients includes a Li-ion battery energy storage devices m a pouch cell format that
combines Ni-rich NMC active material in the eathodes and Si0x and graplute blend active material in the

anodes, where both snodes and cathodes are made wsing a 3D carbon matrix process as desertbed herem,

A schenatic of the electrode srrangement pouch cell devices is shown in Figure 7. As shown, a double-
sided cathode using polymer binder free cathode layers on opposing sides of an alununum foil current
collector are disposed between two single suded anodes each having a polvioer bhnder free anode laver
disposed on a copper foll current collector. The electrodes are be separated by permeable separator material
{not shown} wetted with electrolyte (not shown). The arrangement can be housed in a pouch cell of the

type well known wvthe art.

These devices may feature high mass loadimg of Ne-rich NMC cathode elactrodes and therr miundacthuring
methed: mass loading = 20-30 mgfend, specific capacity »210mAkig. SiOx/Graphite anode {Si0x content
=20 wt.%) hased slectrodes and their material synthesis and manufacturing method: mass loading §-14

mg/eny’, reversible specifie vapacity = 530 mAb/g. Long life performance specially for SSO¢Graphtte
anode based Li~ton based electenlyts for battery: from —3{) to 60 °C. High-energy, high-power density, and
tong cyele Hife Ni-rich NMC cathode / 8iOx + Graphite/Carbon + based Li-ion battery pouch cells: capacity

N

> 5 Ah, Specific Energy = 300 Whikg, Energy Density = B0 WL, with a ovele life of more than 306
cyeles under 1C-Rate charge-discharge, and ulira-high-power fast charge-discharge C-Rate (Up o SC-
Rate) capalnlities. A sunuwary of performance parmmeters for a pouch cell of this type are sunumarized

Figure &,

Example 2 - Conmmparative Perfonmance NMER11 Lithivm fon Baltery

As detailed above, the teachings herein provide electrodes eomfigured with an advanced 3-D high aspect
ratio carbon binding structure that eliminates the need for polymar binders, providing greater powar, energy
density {e.g., via thicker efectrodes and higher miass loading of active material), and performance in extreme
erviromnents compared fo fraditional batlery electrode designs. The high-performance Li-iom batiery
engrgy storage devices are designed and manufactured with an optinmzed capacity ratio design of hindee-
free cathode/anode electrodes, anode elecirode pre-lithiation, and wide operating temperature electrolyte

{e.g., -3 to 60 °C), and optimzed test formation processes.

Ax described herein, the electrodes are manufdctwred by compleiely removing high moleoular weight

polymers such s PYDF and the toxic NMP solvent from the active material layer, This dranationlly
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improves LiB performance while decreasing the cost of mamufacturing and the capital expenditures related
to mixing, costing and deying, NMP solvent recovery, and calendaning. In emboduments of the elecirodes,
a 3D nanoscopic carbon matrix works as a mechanical scatfold for the elecirode sclive material and mimics
the polvmer chamn entanglernent. Chemmical bonds are also prosent batween the surface of the carbon, the
setive materials, and the current collector prometing adhesion and cohesion. As opposed to polyners,
however, the 3D nanoscopic carbon matrix is very electrically conductive, which enables very high power
thigh Corates). This seaflidd stracture s also more suitable for producing thick slectrode active material,

which is a powerful way to increase the energy density of LiB cells.

In the present example, & binder free cathode was produced according to the teachings of this disclosure

festuring a NMORTT w5 an active msterial and incorporsted bs Li-ioux battery (LIB). The cell featured a

graphite anode of the conventional type known i the art. The cell was constructed as deseribed above with

reference to Frgure 7 using the patameters stmmarized n Figure 8. A conventional glectrolyte was vsed
composed of 1M of LiPF6 1o an solvent nuxture of ethylene carbonate and dimethyl carbonate with 1% by
weight vinyl carbonate additive. As a comparison, an otharwise identical cell swas produced using & PYDIF
binder based cathode:. The performance of the cells was compared as described below, showing clear

advantages for the under free cathode cell.

Axsshown in the resuits sunumarized in Figure 10, the binder free cell varnreach a specific energy as high ag
320 Whikg based on 20 Ab bartery cell design and a graphite anode with siore than 2,000 ¢ycle cyele life

under 2C-rate charge/discharge. In comparison, the conventional binder-hased cathode cell can only

achieve 106-250 Whike i specific snergy at the cell level,

The binder free cathode cell exhibits ultra-high-power fast charge-discharge C-Rate, up to 5C-Rate
with >50% capacity retention. Figure 1{} shows a comparison of the charge-discharge curves at various (-
rates for the binder free cathnde cell (1eft) and the conventional binder-basesd cathode cell (right). The binder
iree cathode cell charge-discharge curve shows over 60% capacity retention of g combiged charge-
discharge at a 5 rate.  Accordingly. separate discharge or charge would extubit even higher capacity
retention. Note in the exsmple provided a conventional graphite anode ix used, initial experimental results
show that when a Si-doreinant anode 1z combined with NMCR11 cathode used in the present example, 10C

charge rate i aclievable,

Figure 11 shows a comparison of the cycle life of the above described cells. The cells were repetitively

~

cycled between viltages of 2,75V and 4.2V at 25 ° C, and the discharge capacity recorded. The binder free
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cathode cell exhibits a lifetime of greater than 2,000 cycles with discharge capacity loss of less than 20%.
in vontrast the binder-based cathode cell experiences greater than 20% discharge capacity loss after only

about 1,000 ¢cyeles.

Exaniple 3 — Poucl Half Cell Conparison

Binder free cathode electrodes of the type described herein can advantageously achieve high mass loadings
for example, a mass loading of 45 mg/om” per side of NMCR11 active material is possible. The present
example sets forth experimental results showing the performance of such a high mass loading binder free

electrode in companson with a vontrol elecirode featuring PVDF hinder and an WMC81 1 active maternial.

Tor performt the comparison, half-cells of the type shown In Figure. 12 were constracted using a one sided
cathode fetther binder free or the binder based control) and & lithium foil oncopper substrate as the counter
electrode for the cell. The half cells underwent charge rate testing under various corrent densities and the

resulls sununarized below.

Figure 13 15 a plot showing potential {referenced to the Li‘Li+ potential} vs specific capacity for binder free
cathode hadf coll {olid traces and reference binder based cathode half cell (dashed traces) atvarious corrent
densittes. Al all current denwitiey (and thus all Corutes), the binder free cathode half cells show better

performance (as indicated by the relative nightward shift of the trace).

Figure 14 ixa plut shwwing potential (referenced to the Li/Li+ potential) vs volumeatrie vapacity for binder
froe cathode have cell (solid traves) and reference binder based cathode alf vell {(dashed tracesy at various
current densities. Atall current densities fand thus all Crates), the binder free cathode half cells show batter

performancs (as indicated by the relative rightward shift of the tracex

Figure 13 shows a plot of volumetric capacity vs current density for binder free cathode half cells (upper
traced and reference binder based cathode half cell (lower trsee) At all corvent densilies {and thus.all €-
rates), the binder free cathode half cells show belter performance, with the relative perforniance gap

widening at higher C-rates.
Figure 16 shows a Nyquist plot resulting from electrochemical impedance spectroscopy for several binder

free cathode half cells (square, circle and triangle labeled traces) and a reference binder based cathode half

cells. The binder fres cathode half calls exhibit sigmificantly better performancs than the reference cell,
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It can be seen from the figures that when the current density increases from 0.5 to 10 m&A/em™ (1.2 C-Rate),
the discharge capacity retention for binder-free NMCB11 electrode has a nusch higher vahse compared with
a binder based PVDF control NMCEL! electroda, even though both electrodes have the same mass loading
of 45 mgien.  Note that this C-Rate test under various current densities is presented 88 a relative
comparisen between conventional binder based PVDF cathodes and binder free cathodes, and does not
retlect the absolute Corate performancs ina full cell configuration, e.g., as presented in the Examples | and

2 above.

Conclusion

Any termss of ortentation provided herewn are mevely for purposes of introduction and are not luniting of
the invention. Forexample, 3 “top™ layer may also be referred to as a second layer, the “hottom™ layer
may alse be referved to 95 a first layer, Other nomenclanwe and serangenients nmay be used withow

Iimuttation of the teachings herein

Vartous other components may be included and called upon for providing for aspects of the teaclungs

herein. For example, additional materials, combinations of materials andior omission of materials may be

used to provide for added embodiments that are within the scope of the teachings herein,

A vartety of modifications of the teachings herein may be realized. Geperally, modifications may be
desigried aceording to the reeds of a user, destgner, manufacturer or other simidarly interested party, The
moditications ray beintended to meet a particuler standard of performance considerad tnportant by that
party. Simtlardy, acceptability of performance is to be sssessed by the appropriate user, designer,

manutacturer or other similarly interested party.

While some chemvicals may be Iisted heremn as providing a certain function, @ given chernical may be

useful iy another purposs:

When introducing elements of the present invention or the embodiment(s) thereof; the artiches “a.” Yan”
angd “the” arg intended to mean that there are one or morg of the elements. $milarly, the adjective
“suother,” when used o imtroduce an element; s intended to memone or more elements, The terms
“including” and “having” are intended to be inclusive such that there may be additional elements other
than the Histed clenents. As used Terin, the torm “exemplary™ is not intended to imply a superlative

example. Rather, “exemplary™ refers 1o an embodiment that s one of many possible embodiments.
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The entire contents of each of the publivations and patent applications mentioned above are meorporate
herein by reference. In the event that the any of the cited documents conflicts with the present disclosurg,

the present disclosure shall control.

Note that'it is not intended that any functional language used 1o claims appended herein be constined as
invoking 35 U.S.C. §112(1) interpreiations as “means-plus-function” language unless specifically

expressed as such hy use of the words “means for” or “steps ™ within the respective claim,

While the mvention has been described with reforence to exemplary embodiments, #owill be understood
that various changes nay be niade and equivalents may be substitoted for elements thereot without
departing from the scope of the invention. For example, in sone embodiments, ong of the foregoing
lavers may include a plurality of layers there within, In addition, many modifications will be appreciated
to adapt @ partivular instrument, situation or material to the teachings of the invention without departing
from the essantial scope thereof. Therefore, it 15 intended that the invention not be limited to the particular
ambadinent disclosed ax the best nsode contemplated for carrying out this tnvention, but that the

mvention will include all embodiments falling within the scope of the appended claims.
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CLAMS
What 18 clatimed 12

1. An apparatus comprising:
an electrode active layer comprising:

a network of high aspect ratio carbon elements defining void spaces within the
network;

a phurality of electrode active material particles disposed in the void spaces within
the network and enmeshed in the network; and

a surface treatment on the surface of the lugh aspect ratio carbon elements which
promotes adhesion between the high aspect ratio carbon elements and the active material
particles.

2. The apparatus of any preceding claim, wherein the high aspect ratio carbon elements comprise
elements each having twe major dimensions and one munor dirnension, wherein the ratio of the
length of each of the major dimensions is gt least 10 times that of the minor dunension.

3. Thie apparatus of any preceding claim, wherein the bigh aspect ratio carbon elements comprise
elements each having two major divzensions and one minor dimension, wheretn the ratio of the
tength of cach of the major dimensions 1s at keast 100 times that of the nunor dinension.

4. The apparatus of any preceding clanm, wheren the high aspect ratio carbon elements comprise
elements each having two major dimensions and one minor dimension, wherein the ratio of the
length of each of the major dimensions is at feast 1,000 times that of the minor dimension.

5. The apparatus of any preceding claim, wherein the high aspect ratio carbon elements comprise
elements each having two major dimensions and one minor dimension, wheren the ratio of the
length of each of the major dimensions is at least 10,0000 times that of the minor dimension.

&. The apparatus of any preceding claim, wherein the high aspect ratio carbon elements comprise
elements cach having one major dimension and two minor dimension, wherein the ratio of the
tength of each the mayor dimernsion 1s at least 10 times that of each of the mnor dimensions.

7. The apparatus of any preceding elaim, wherein the high aspeet ratio carbon eliments comprise
elements each having one major dimension and two minor dimension, whereimn the ratio of the
length of each the major dimension is at least 100 times that of each of the minor dimensions.

8, The apparatus of any preceding clamm, wherein the high aspect ratio carbon elements coraprise

elements each having one mugor dimension and two minor dimension, wherein the ratio of the
length of each the mapor dimension is at least 1,000 times that of each of the minor dimensions.

Q. The apparatus of any preceding claira, wherein the high aspect ratio carbon elements comprise

elements cach having one major dimension and two munor dimension, wherein the ratio of the
length of each the major dimension 198 at least 10,000 times that of each of the minor dimensions,

34



10

28

25

30

WO 2021/007183 PCT/US2020/040943

10, The apparatos of any preceding clamn wherein the high aspect ratio carbon elements
comprise catbon nanotubes or carbon nanotube bundles.

11, The apparstus of any preceding claim wherein the high aspect ratio carbon elements
comprise graphene flakes,

{2. The apparatus of any preceding claim wherein the electrode active layer contains less than
10% by weight polyinerie binders disposed in the voud spaces.

13, The apparatus of any precedimg claim wherein the electrode active layer contains less than
1% by weight polvmeric binders disposed in the void spaces,

{4. The apparatus of any preceding claim wherein the electrode active layer contains less than
1%% by weight polymernie binders disposed in the void spaees.

15, The apparatus of any preceding clamn wherein the electrode active layer is substantially free
of polymeric material other than the surface treatment.

16. The apparatus of any preceding claim wherein the electrode active layer 1s substantially free
of pulyieric material,

17. The apparatus of any preceding claim, wherein the surface treatment comprises 3 material
which s soluble in a solvent having a boiling point less than 202°C.

18. The apparatus of any preceding olamm, wherein the surface treatment comprises 8 material
which is soluble in a solvent having a boiling point less than 185° €,

19. The apparatus of any preceding claim, wherein during the formation of the active layer, a
material forming the surface treatment was dissolved in a solvent having a boiling point less than
g P ~

2027 C.

20. The apparatus of any preceding claim, wherein during the formation of the active laver, a
material forming the surface treatment was dissolved m a solvent having a boiling pomt less thag
185% ¢,

21, The apparatus of any preceding claimy, wherein during the formation of the active layver, a
material forming the surfsce treatment was disselved in a solvent comprising iso-ptopyl alcohol.
22, The apparatus of any preceding clanm, wherein dunng the formation of the active layer, a
material formung the surface freatment was dissolved in a solvent substantially free of n-methyl-
2-pyrrafidone.

23, The apparatus of any preceding claim, wherein during the formation of the achive laver, a
material forming the surface freatment was dissolved m a solvent substantially free of
pyrrolidone compounds,

24. The apparatus of any preceding claim, wherein the network 13 at keast 90% carbon by
weight,
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25, The apparstus of any preceding clainy, wherein the network is at least 95% carbon by
wenght,

26, The apparatus of any preceding claim, wherein the notwork is at feast 99%6 carbon by
weight.

27. The apparatus of any preceding claim, wherein the network 13 at least 99,.9% carbon by
27. The appavatus of any preceding clanm, wi the networl t least 99.9% carbon by
weight.

28, The apparatus of any preceding claim, whersin the network comprises an electrically
interconnected network of carbon elements extubiting connectivity above a percolation
threshold.

28, The apparatus of any preceding claim, wherein the netwerk defines pne or more lughly
electrically conductive pathways.

33, The apparatus of claim 29, wherem said the pathwayvs have comprising a length greater than
100 pm.

31. The apparatos of claim 29, wherein said the pathways have comprising a length greater than
1.008 um.

32, The apparatus of elaim 29, wherein said the pathways have comprising a length greater than
10,000 unu

33. The apparatus of any preceding claim, wherein the network includes one or more structures
formed of the carbon elements, said structure comprising an overall length at least ten times the
tength of @ largest dimension the carbon slements.

34, The apparatus of any preceding claim, wherein the network includes one or more structures
formed of the carbon elements, said structure comptising an overall length at least 100 tines the
tength of & largest dimension the carbon elements.

35, The apparatos of any preceding claim, whsrein the network includes one or more structures
formed of the carbon elements, smd struchure comprising an overall length af least 1,000 timey
the length of a largest dimension the carbon elements.

36. The apparatus of any preceding clanm, wherein the surface treatment comprises a surfactant
layer disposed on the carbon elements.
37. The apparatus of claim 36, wherein the surfactant layer 1s bonded to the carbon clements.

38, The apparatus of claim 36 or 37, wherein surfactant laver comprises a plurality of surfactant
clements cach having a hydrophobic end and a hvdrophilic end, wherein the hvdrophobic end 15
disposed proximal a surface one of the carbon elements and the hydrophilic end 15 disposed
distal said surface one of the carbon elements.

39, The apparatus of elaim 38, wherein the hydrophilic ends of at least a portion of the
surfactant elements form bonds with the active material particles.
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40. The apparatus of claim 39, wherein the bonds comptise ionic bonds.
41. The apparatus of claim 39, wherem the bonds comprise covalent bonds.

42, The apparatus of claim 39, wherem the bonds comprise at least one from the list consisting
oft 1~ 7 bonds, hydrogen bends, and electrostatic bonds,

43. The apparatus of claim 38, whereny
the hydrophilic end of the surfactant element has a polar charge of a first polarity; and

the active matenial particles carry a polar charge of a second polarity opposite that of the
first polanty.

44. The apparatus of any of clatms 36-43, wherein the surfactant laver comprises a water soluble

suriaetant

45, The apparatus of any of claims 36-44, wherein the surfactant layer comprises ions from
hexadecyltrimethylanunonivm hexafluorophosphate

46. The apparatus of any of clanns 36-45, wherein the surfactant layver comprises tons from al
least one from the list consisting oft hexadecyitrimethylammonium tetrafluoroberate, N-
{Cocoalky)-N,N,N-trimethylammuonium methy sulfate, cocamidapropyl belaine
bexadecyltrimethyvlanumonium acetate, and hexadecylinimethylammonium nitrate

47. The apparatus of any of claims 36-46, wherein the surfactant layer comyprises a layer of

surfactant tons formed from dissolving an woeic compound 1 a solvent.

4R. The apparatus of claim 47, wherein the active layer comprises residual counter tons to the
surfactant 1ons formed by dissolving ap ionic surfactant compeund na solvent,

49, The apparatus of claim 48, wherein the counter 1ons are selected to be compatible with use
1 an electrochenyeal cell,

5. The apparatus of claum 49, wherein the counter 1ons are substantially free of halide groups.

51. The apparatus of any of claims 48-530 wherein the residusl counter tons are substantially free
of bromine.

52, The apparatus of any of clairas 51 wherein the 1onie surfactant compound comprises at least
one selected from the list consisting oft hexadeeyltrimethylammoninm tetrafluoroborate,
hexadecylirimethylammonium tetratluorcborate, N-{Cocoalkyly-NNN-trimethylammonium
methyl sulfate, cocanddopropyl betaine hexadecyfrimethylanymeordum scetate, and
hexadecylirimethylanmimonium nitrate.

53, The apparatus of any preceding clatm, wherein the carboun elements are funchionalized.

34, The apparatus of claim 53 wherein the carbon elements are fimctionalized with a surfactant
material.
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55, The apparstus of claim 53 or 34, wherein the carbon elements are functionalized are
functionalized with functional groups which promote adhesion of the active matenial particles to
the network.

56. The apparatus of claim 55, wherem the functional groups comprise at least one from the list
consisting of: carboxyhic groups, hydroxylic groups, amine groups, and silane groups.

57. The apparatus of any of claims 48-56, wherein the functionalized carbon elements are
formed from dried aquecus dispersion conywising nanoforny carbon and surfactant.

58. The apparatus of claim 57, wherein the functionalized carbon elements are formed from &
lyophilized aquecus dispersion comprising nanoform carbon and surfactant.

58, The apparatus of any of claims 57-38, wherein the agueous dispersion is substantially free of
actds,

&0, The apparatus of any preceding claim, wherein the surface treatmernt comprises a thin

polvmerie layer disposed on the carbon elements that promotes adhesion of the active material to
the network.

61, The apparatus of claim 60, wherein the thin polymeric laver comprises a self-assembled
polvmer.

62. The apparatos of any of claims 60-61, wherein the thin polymeric laver bouds to the active
material via hydrogen bonding.

63, The apparatus of any of elaims 60-62, wherein the thin polymeric layer hss a naximum
thickness i a divection normal to an outer sorfaee of the network of less than or equal to 1 mm.

&4. The apparatus of any of claims 60-63, wherein the thin polymeric laver has 3 maximum
thickness 1n a direction normal to an outer surface of the network of less than or equal to 10om.

65. The apparatas ot any of claims 60-64, wherem the thin polymerie laver has 8 maximum
thickness in g direction notmal to an outer surface of the network of Tess than or equal to 30 nm.

66. The apparatus of any of clairos 60-65, wherein less than 1% by vohune of the void spaces
defined by the network are filled with the thin polyreric layer.

67. The apparatus of any of claims 60-66, wherein less than $.1% by veolume of the void spaces
defined by the network are filled with the thin polvmernic layer.

68. The apparatus of any of claims 60-67, wherein less than 0.1% by volums of the void spaces
defined by the network are filled wiath the thin polyimenc layer,

69. The apparatus of any of claims 1-35, wherem the surface weatment comprises a layer of
carbonaceous material formed from pyrolized polymeric material.

70. The apparatus of claim 69, wheremn the layer of carbonaceous material formed from
pyrolized polymeric material promotes adhesion of the active material particles 1o the network,
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71, The apparstus of any preceding claim whsrein the sotive material particles conmprise a metal
oxide,

72, The apparatus of any preceding claim wherein the active materis] particles comprise a
Hithivm metal oxide.

73. The apparatus of any preceding clanm wherein the gelive matenal iy entangled in the
network.

74, The apparatus of any precedmyg claim, wherein the surface treatment promotes adhesion of
the active material layer and a current collector laver.

75. The apparatus of claim 74, wherein the surface treatment incudes fonctional groups bonded
with the current collector layer

76, The apparatus of claim 75, wherein the functional groups are bond with the current collector
tayer with non-covalent bonds.

77. The apparatus of claim 75, wherein the functional groups are bond with the currert collector
layer with at least one selected from the list consisting oft n-n bonds, hydrogen bonds, and fonie
bonds.

78. The apparatns of any of claims 74-77, wherein the current collector comprises a metal foill

79. The apparatus of any of clatms 74-77, wherein the active material layer has a thickness in
the direction normal to the current collector of at least 200 ym.

8G. The apparatus of any of claims 74-77. wherein the sctive material layer has a thickness in

the direction normal to the cwrrent collector of at least 300 pm.

&1. The apparatus of any of clanms 74-77, wherein the active material layer has a thickness m
the direction normal to the cwrent collector of at least 400 pm.

82. The apparatus of any preceding claim, further comprising an energy storage cell, the energy
storage cell comprising:

a first electrode comprising the active matenial layer;
a second electrode;
a permeable separator disposed between the first electrede and the second electrode;

and an electrolyte wetting the first and second electrodes,

83, A method comprising:
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dispersing high aspect ratin carbon elements and a surtaee treatment material in a solvent
to form an mutial slurey, wherein said dispersion step results in the formation of a surface
treatment on the hugh aspect ratio carbon;

mixing active materials into the first slutry to forny a final slurry;
coating the final sharry onto a substrater and
drying the final slurry to form an electrode active layer,

84, The method claim &3, wheren the high aspect rabio carbon elements comprise elements each
having two major dunensions and one mincr dimension, wherein the ratio of the length of cach
of the major dimensions is at least 10 times that of the munor dimension.

85, The method of claim 83 or &4, wherein the high aspect ratio carbon elements comprise
elements each having two major dimensions and one minor dimension, wherem the ralio of the
length of each of the major dimensions is at least 100 times that of the minor dimension.

&6. The method of any of claims 83-83, wherein the high aspect ratio carbon elements comprise
elements each baving two major dimensions and one minor dimension, wherein the ratio of the
tength of each of the major dimensions 1s at least 1,000 times that of the nvnor dimension,

§7. The method of any of claims B3-R6, wherein the high aspect ratio carbon elements comprise
elements each having two major dimensions and one minor dimension, wherein the ratio of the
length of vach of the major dimensions is at least 10,0000 times that of the minor dimension,

88. The method of any of claims 83-87, wherein the high aspeet ratio carbon elements comprise
elements each having one major dimension and fwo munoer dimension, wherein the ratio of the
length of each the wajor dimension is at least H) times that of each of the miincr dimensions,

89, The method of any of claims §83-88, wheremn the high aspect ralio carbon elentents comprise
elemments each having one major dimension and two nupor dimension, wherein the ratio of the
tength of cach the major dimension is at least 100 times that of each of the nunor dimensions.

90, The method of any of claims 83-89, wherein the high aspect ratic carbom elements comprise
clements cach having one major dimension and two minor dimension, wherein the ratio of the
tength of each the major dimension 1s at least 1,000 times that of each of the nuinor dimensions.

91, The method of any of claims 83-91), wherein the high aspeet ratin carbon slements comprise
elements each having one major dimension and two munor dimension, wherein the ratio of the
length of each the major dimension s at least 10,000 times that of each of the minor dimensions.

Q2. The method of any of claims 8§3-81, wherein the high aspeet rafio carbon clements comprise
carbon nanotubes or carbon nanotube bundles,

93, The method of any of claims 83-92, wherein the high aspect ratio carbon elements comprise
graphene Hlakes.

Q4. The method of any of claims §3-93, wherein the mitial shurry has a solid content in the range
of (.1%6-20.00% by weight.
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93, The method of any of claims 83-94, wherein the final slurry has a solid content in the range
of 10.0% - &0% by weight.

96. The method of any of claims 83-9%, wheran the solvent has a boiling point less than 202 °C,
97. The method of any of claims 83-96, wherin the solvent has a boiling point less than 185 °C,
98. The method of auy of clamy 83-97, wherein the solvent has a bothug point fessthan 135 °C

99, The method of any of claims 83-94, wherein the solvent has a boiling point less than or
equal to 100 °C.

100, The method of any of clasms 83-99, wherem the solvent comprises at least one from the hist
consisting of: methanol, sthanol, 2-propancl, amd water.

101, The apparatus of any of claims 83-104, wheremn during the formation of the active layer, a
materigl forming the surface treatment was dissolved in g solvent substantially fiee of
pyrrolidons compounds,

102, The method of any of ¢labms 83-101, the solvent 13 substantially free of n-methyl-2-
pyrrolidong,

103, The method of any of claimy 83-102, wherein the surface treatment material comprises a
surfactant.

104, The method of claim 103, wherein surfactant is substantially free of halide groups.
105, The method of clatm 104, wherem surfactant s substantially free of bromine.

106, The method of any of clatmis 83-103, wherein forming the surface treatent comprises a
forming a surfactant laver disposed on the carbon elements.

107, The method of any of claims 83-106, wheremn the surface treatment 1s a self-assembled
layer.

108, The method of clabm 106 or 107, wherein forming the surfactant layer comprises disposing
a plorality of surfactant clements 0u @ surface of the carbon elements, cach of the surfactant
elements having a hydrophobic end and a hydrophilic end, wherein the hydrophelie end i3
disposed proximal a surface one of the carbon elements and the hydrophilic end is disposed
distal said surface one of the carbon elements.

109, The method of chum 108, further comprising causing the bydrophobic ends of at least a
portion of the surfactant elements form bonds with the active material particles.

110, The method of clanm 109, wherein the bonds comprise ionic bonds.
111, The method of claim 109, wherein the bonds comprise covalent bonds.

112, The method of clatm 109, wherein the bonds comprise at least one from the {ist consisting
of’ 7t- 7 bonds, hydrogen bends, and electrostatic bonds.
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113, The method of claim 108, whetein:
the hydrophulic end of the surfactant element has a polar charge of 8 fivst polanty;

the active matenial parlicles carry a polar charge of a second polarity opposite that of the
first polarity.

114. The method of any of claims 103-113, wherein the surfactant material comprises af least
one selected from the list consisting oft hexadecyitrimethyviammontun tetraflucrobarate.
hexadecyltrimethylammonium tetrafluoroborate, N-{Cocoalkyl3-NNN-trimethylammonium
methyl sulfate, cocamidopropyl betame hexadeovitrimethvlammonium acetate, and
hexadeoyltrimethylammenium nitrate.

115, The method of any of clatny 83-114, wherein dispersing high aspect ratio carbon elements
and a surface treatment roatertal in a solvent to form an inttial sharry comprises applying forces
to sgglomerated carbon elements to cause said elements to slide apart from each other along a
dirgction transverse to a minor axis of the elements.

116, The method of any of claim 83-1 14, comprising dryving the final slurry at a temperature of
less than 202% C.

117, The method of any of claim 83-1 14, comprising diving the final shurry at & temperature of
fess than 1R53° CL

118, The method of any of claim 83-1 14, comprising dryving the final slurry at a temperature of
fess than 1258% C.

119, The method of any of clasm 83-1 14, compnising deviog the final slurey af 8 temperature less
than or equal to 100° C,

120, The method of any of claimis 83-119, further comprising calendaring the active layer to
promote adhesion between the active material and the network.

121, A method comprising:

dispersing high aspect ratio carbon elements and a surface treatment material in an
agucous solvent 1o form an nitial slurry, wherein said dispersion step results in the formation of
a surface treatment on the lugh agpect ratio carbon; and

drying the initial shury to remove substantially all motsture resulting i a dried powder of
the high aspect ratio carbon with the surface treatment thereon.

122, The method of clabm 121, wherem drying the mifial slurry comprises lyophilizing the tmtial
slurry.

{23, The method of clm 121 orclaim 122, wherein the aquedous solvent and mvtial slurry are
substantially free of substances danaging to the high aspect ratin carbon slements.

124, The method of claim 123, wherein the agueous solvent and inttial shurry are substantially
free of acids.
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125, The method of claim 124, wherein the initial slurry consists essentially of the high aspect
ratie carbon elements, the surface treatsnent matersal, and water,

126, The method of any of claims 121-125, further comprising:

dispetsing the dried powder of the high aspeet ratio carbon with the sutface trestment i a
sofvent and addmg and active material to form a secondary slurey;

coating the secondary slurry onto a substrate; and
drying the secondary shurry to form an electrode active layer.

127, The method of any of claims 121-126, whereny the high aspect ratio carbon elements
cotnprises eloments gach having two major dimensions and ong minor dirnension, wherein the
ratio of the length of each of the major dimensions i3 at beast 10 times that of the minor
dimension,

128. The method of auy of claims 121-127, wherein the high aspect rativ carbon slements
comprise elements each having two major dumensions and one nunor dimension, wherein the
ratio of the length of each of the major dimensions is at least 100 times that of the minor
dimension.

129, The method of any of claims 121-128, wherent the high aspect rativ carbon elements
comprise elements each having two major dimensions and one ninor dimension, wherein the
ratio of the length of each of the major dimensions i3 at keast 1,000 times that of the minor
dimension.

130, The method of any of claimg 121-129, wherein the hugh aspect ratio carbon elements
comptise elements each having two major dimensions and one minor dimension, wherein the
ratio of the length of each of the major dimensions iy at keast 10,0000 times that of the minor
dimension,

131, The method of any of claims 121-130, wherein the high aspect ratio carbon elements
comprise elements each having one major dinension and two minor dimension, wherein the ratip
of the length of each the major dimension is at least 10 times that of each of the minor
dimensions.

132, The method of any of claims 121-131, wherent the high aspect ratio carbon elements
comprise elements each having one major dinension and two minor dimension, wherein the ratio
of the length of each the major dimension is at least 100 times that of each of the minor
dimensions,

133, The method of any of clatms 121-132, whereny the hugh aspect ratio carbon elements
comptise elements each having one major dimension and two minor dimension, wherein the ratio
of the length of each the major dimension is at least 1,000 times that of each of the minw
dimensions,

134, The method of any of claims 121-133, wherein the high aspect ratio carbon elements
comprise carbon nanotubes or carbon nanotube bumdles.
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135, The method of any of claims 121-134, wherein the high aspect ratio carbon clements
comprise graphene flakes.

136, The method of any of clatnis 121-1335, wherein the solvent has a boiling point less than

202° .

{37, The method of any of claimy 121-135, wherein the solvent has a boiling pomt less than
1859 C,

138. The method of any of clabms 121-133, wherein the solvent has a boiling point less than
125° C.

139, The method of any of claims 121-135, wherein the solvent has a botling point less than or
equal to 100° C.

140, The method of claims 121-139, wherem the secondary solvent comprises at least one from
the list consisting oft methanol, ethanol, 2-propanel, and water.

141, The method of any of claims 121-140, wherein the secondary solvent is substantially free
of pyrrolidone compounnds.

142. The method of any of claims 121-141, wherein the secondary solvent is substantially free
of n~methyl-2-pyrrolidone.

143, The method of any of claims 121-142, wherein the surface treatment matenal comprises a
surfactant.

144. The method of claim 143, wherein surfactant 15 substantially free of halide groups.
143, The method of clatm 144, wherein surfactant 1s substantially free of bronune.

146, The method of any of clanms 121-143, wherein forming the surface freatment comprises a
fornmung a surfactant Jayer disposed on the carbon elements.

147, The methed of claim 146, wherein the surfactant layer is a self-assembled layer.

148, The method of any of claims 126-147, comprising drymg the secondary slurry gt g
temperature of less than 2027 (.

149, The method of any of claims 126-147, comprising drying the secondary slury at a
temperature of less than 185% C.

150, The method of any of claims 126-147, comprising drying the secondary slurry at a
temperaturve of tess than [25° O

181, The method of any of claims 126-147, comprising drying the secondary slury at a

temperature less than or egqual to 100° C,

152, The method of any of clabms 121-151, Turther comprising calendaring the active layer to
promote adhesion.
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