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BACKGROUND
SILICON-CARBON COMPOSITES

Technical Field

Embodiments of the present invention generally relate to silicon—carbon
comaposite materials with properties that overcome the challenges for provigding
amorphous nano—sized silicon entrained within porous carbon. Said silicon—carbon
compasites are produced via chemical infiltration chemieal vapor infiltration to
hupregnate amorphous, vano-sized sihicon within the pores of 8 porous scaffold
Suitable porous scaffolds include, but are not hmited to, porous carbon scaffolds, for
example carbon having a pore volume comprising micropores {less than 2 amy),
nesopores (2 to 50 nmy, and/or macropores (greater than 50 nm). Suitable precursors
for the carbon scaffold mclade, but ave not Hnited to, sugars and pelyols, organic acids,
phenolic compounds, cross-linkers, and amine compounds. Suitable compositing
materials inchude, buy are net Himited o, silicon materials. Precursors for the silicon
include, but are not Hmited to, silicon containing gases such as silane, high-order silanes
{such as di-, tri-, andfor tetrasilane), andéor chlorosilane(s) {such as mono-~ di-, tri-, and
tetrachiorosilane) and mixtures thereof. Chermeal vapor infiltration (CVI) of silicon
into the pores of porous scaffold materials i3 accomplished by exposing said porous
scaffold to silicon-comtaining gas {c.g., silane) at elevated temperatuves. The porons
carbon scaffold can be a particulate porous carbon,

A kev outcome in this regard i3 to achieve the desired form of silicon in the
desired form, namely amorphous nano—sized silicon. Furthermore, another ey
outcome is 1o achieve the silicon impregnation within the pores of the porous carbon.
Such materials, for example, silicon-carbon composite materials, have utiliuty as anode

materials for energy stovage devices, for example lithium ion batteries.
Description of the Related Art

CV1is a process wherein a gaseous substrate reacts within a porous scaffold
material. This approach can be emploved to produce composite materials, for instance
silicon~carbon composites, wherein a silicon-containing gas decomposes at elevated
temperature within a porous carbon scaffold. While this approach can be emploved to
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manufacture a variety of composite materials, there is particnlar interest in silicon-
carbon (Si-C) composite materials. Such Si-C composite materials have utility, for
example as energy storage materials, for example as an anode material within a hithium
ion battevy (LIB). LiBs have potential to replace devices corvently used in any number
of applications. For example, current lead acid automobile battenies are not adequate
for next generation all~electric and hybrid electric vehicles due to irreversible, stable
suifate formations during discharge. Lithium ion batteries are a viable alternative to the
Iead-hased systems currently used due to thelr capacity, and other consuderations.

To this end, there is continved strong Interest in developing new LIB anode
materials, particularty silicon, which has 10-fold higher gravimetric capacity than
conventional graphite. However, silicon exhibits large volume change during cyeling,
in turn leading to electrode deterioration and solid-electrolvie interphase (SED
instability, The wost common amelioration approach is o reduce silicon particle size,
for instance Dyl 50 nm, for instance Duvsot100 nm, for instance Dvse<50 nm, for
tnstance Dvise<20 nmy, for tustance Dvise<10 namy for instance Dvso<d nmy, for instance
D st o, either as discrete particles or within a matrix. Thus far, technigues for
creating nano-scale silicon involve lngh-temperatire reduaction of silicon oxide,
extensive particle dimvinution, multi-step toxic etching, and/or other cost prohibitive
processes. Likewise, common matrix approaches involve expensive materials such as
graphene or nano-graphite, andfor require complex processing and coating.

it 18 known from scientific Hterature that non-graphitizable (hard} carbon is
beneficial as a LIB anode matertal {Lin Y, Xue, IS, Zheng T, Dabn, IR, Carbon 1996,
34:193-200; Wa, YP, Fang, SB, Haug, YY. 1998, 75:201-206; Buiel E, Dahn JR.
Electrochim Acta 1999 45:121-130). The basis for this improved perfonmance stems
from the disordered nature of the graphene layers that allows Li-ions to intercalate on
either side of the graphene plane allowing for theoretically double the stoichiometric
content of Li tons versus crystalline graphite. Furthermore, the disordered structore
improves the rate capability of the material by allowing Li tons to intercalate
isotropically as opposed to graphite where lithiation can only proceed in paralied o the
stacked graphene planes. Despite these desirable electrochemical properties, amarphous
carbons have not seen wide-spread deployment in conumercial Li-ion batteries, owing
primarily o fow FCE and low bulk density (=71 gfce). Instead, amorphous carbon has
been used more commonly as a low-mass additive and coating for other active material
components of the battery to improve conductivity and reduce surface side reactions,

In recent years, amorphons carbon as a LIB battery matenial has received
constderable attention as a coating for silicon anode materials. Such a silicon-carbon
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core-shell structure has the potential for not only improving conductivity, but also
buffering the expansion of silicon as it lithiates, thus stabilizing its eycle stability and
minimizing problems associated with particle pulverization, isolation, and SEI integrity
{(Jung, Y, Lea K, Oh, 8. Electrochim Acta 2007 52:7061-7067, Zuo P, Yin G, Ma Y .
Electrochim Acta 2007 52:4878-4883; Ng SH, Wang J, Wexier D, Chew SY, Lin HK.
3 Phys Chent € 2007 111:11131-11138). Problens associated with this strategy include
the lack of a suitable silicon starfing matevial that is amenable to the coating process,
and the inherent lack of engineered void space within the carbon-coated sthicon care-
shell composite particle to accommodate expansion of the siticon during hithiation. This
mevitably leads to cvele stability faihwe due to destruction of core-shell structure and
SET laver (Beattie SD, Larcher D, Morcrette M, Simon B, Tarascon, J-M. T
Electrochem Soc 2008 1535:A158-A163),

An alternative to core shell structare is a strocture wherein amorophous, nano-
sized silicon is homogeously distribnted within the porosity of a porous carbon scatffold.
The porous carbou allows for destrable properties: (1) catbon porosity provides void
volne to gccommodate the expansion of siticon during Hthiation thus reducing the net
composite particle expansion at the electrode level: (1) the disordered graphene
network provides increased electrical conductivity to the silicon thus enabling faster
charge/discharge rates, (1i1) nano-pore structure acts as a template for the synthesis of
stlicon thereby dictating 1s size, distribation, and roorphology.

To this end, the desired mverse hierarchical structure can be achieved by
emploving UV wherein a sthicon~containing gas can completely permeats nanoporous
carbon and decompose therein to nano-sized sihcon. The CVIapproach conters several
advantages in terms of siticon structure. One advantage is that nanoporous carbon
provides nucleation sites for growing silicon while dictating maximuom particle shape
and size. Confining the growth of silicon within a nano-porous structure affords
reduced susceptibility to cracking or pulverization and loss of contact cansed by
expansion. Moreaver, this stracture promotes nano-sized silicon to remain as
amorphious phase. This property provides the opportunity for high charge/discharge
rates, particularly i combination with stlicon’s vicinity within the conductive carbon
scaffold. This system provides a high-rate-capable, solid-state lithiwum diffusion
pathway that directly delivers lithiom ions to the nano-scale silicon Interface. Another
benetit of the silicon provide via CVI within the carbon scaffold is the inhibition of
formation of undesirable crystalline LusSis phase, Yet another benefit is that the CVI
process provides for void space within the particle interior.

Tad
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In order to gauge relative amount of silicon impregnated into the porosity of the
porous carbon, thermogravimetric analysis (TGA} may be emploved. TGA can be
emploved to assess the fraction of silicon residing within the porosity of porous carbon
relative 1o the total silcon present, e, sum of siticon within the porosity and on the
particle surface. As the silicon~carbon composite is heated under air, the sample
exhibits a mass increase that intiates at abowt 300 “C to 500 °C that reflects initial
oxidation of silicon 1o 5102, and then the sample exhibits a mass loss as the carbon 13
burned off, and then the sample exhibits mass increase reflecting reswmed conversion of
silicon imto $102 which increases towards an asympiotic value as the temperature
approaches 1100 °C as silicon oxidizes to completion. For the purposes of this analysis,
it is assumed that the minimum mass recorded for the sample as it heated from 800 °C
to 1100 °C represents the point at which carbon buroff is complete. Any further mass
increase beyond that point corresponds to the oxidation of silicon to S102 and that the
total mass at completion of oxidation is 8102, Thus, the percentage of partially or
unoxidized siticon after carbon burnoff as & proportion of the total amount of silicon

can be determined using the formula:
Z=1.875 x [(M1100 — M)/M1100] x 100%

where M1 100 is the mags of the sample at completion of oxidation at a temperature of
1100 °C, and M is the minimum mass recorded for the sample as it is heated from 800
*C o 1100 °C.

Without being bound by theory, the temperatare at which silicon s oxidized
under TGA conditions relates to the length scale of the oxide coating on the silicon due
to the diffusion of oxygen atoms through the oxide taver. Thus, silicon residing within
the carbon porosity will oxidize at a lower temperature than deposits of silicon on a
particle surface due to the secessanily thinner coating exisiting on these surfaces. In this
fashion, calculation of Z is used to quantitatively assess the fraction of silicon not

impreganted within the porosity of the porous carbon scaffold.

BRIEF SUMMARY

Silicon—carbon composite materials and related processes arve disclosed that
overcome the challenges for providing amarphous nano-sized stheon entrained within
poreus carbon. Compared to other, infertor materials and processes desertbed in the
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prior art, the materials and processes disclosed herein find superior utility in various
applications, including energy storage devices such as lithium ion baitertes.

Embodiments provide novel anode material comprised for a lithium-silicon
hattery, comprising 8 composite compristug Grouptd elemernts such as sihicon and
carboty, wherein said composites have novel properties that overcome the challenges for
providing a anode for lithiumesilicon bateries that comprises silicon in the preferred
mode: silicon that is amorphous, nano—sized, and entrained within porous carbon. Said
silicon—~carbon composites are produced via chemical vapor mfidtration (CVI o
impregnate amorphous, wano-sized siticon within the pores of @ porous scaffold,
Suitable porous scaffolds inchsde, but are not limited to, porous carbon scaffolds, for
exaniple carbon baving a pore volume comprising micropores (less than 2 nmj),
mesopores (2 to 530 nm), and/or macropores (greater than 50 nm). Sultable precursors
tor the carbon scaffold include, but are not linvited to, sugars and polyols, organic acids,
phenolic compouands, cross-linkers, and mmine compounds, Sultable compositing
materials include, byt are not limited to, silicon materials, Precursors for the silicon
include, but are not Hmited to, silicon containing gases soch as sitane, high-order silanes
(such as di-, tri-, and/or tetrasilane}, anddor chlorosilane(s) {such as mono-di-, tri-, and
tetrachiorosilane) and mixtures thereof. CV1 to produce silicon within the pores of
porous scaffold materials is accomplished by exposing satd porous scaffold to silicon-
containing gas {e.g., stlane) at elevated temperatires. The porous carbon scaffold can
be a particulate porous carbon,

A key cutcome 1n this regard i3 to achieve the deswed form of silicon in the
destred form, narely amorphous nano-sized sitlicon. Furthermore, another key
outcome s to achieve the silicon impregnation within the pores of the porous carbon.
Such materials, for example, siticon-carbon composite materials, have wtility as avode

materials for energy storage devices, for example lithivm--silicon batteries,
BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1. Relationship between £ and average Coulombic efficiency for various
silicon-carbon composite materials.

Figure 2. Differential capacity vs voltage plot for Siticon-Carbon Composite 3 from 2
cycle using a halftceil.

Figure 3. Differential capacity vs voltage plot for Silicon-Carbon Composite 3 from 24
cycle to 3% cycle using a halficell,

Figure 4. dQ/dV vs V plot for various silicon-carbon composite materials.
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Figure 5. Example of Calculation of g for Silicon-Carbon Composite 3.
Figure 6. Z vs 9 plot for various silicon-carbon composite materials.

DETAILED DESCRIPTION

Lh

in the following description, certain specific details are set forth inorder to

provide a thorough understanding of various embodiments. However, one skilled in the
art will understand that the invention may be practiced without these detatls. In other
fnstances, well-known structures have not been shown or described in deail o avoid

10 wanecessarily obscwring deseriptions of the embodiments. Unless the context requires
otherwise, throughout the specification and claims which follow, the word “comprise™
and variatious thereof, such as, “comprises™ and “comprising” are to be construed inan
open, inclusive sense, that s, as “including, bot not imited t0.” Forther, headings
provided hergin are for convenignce only and do not interpret the scope or meaning of

é.l?

the clatmed invention.

Reference thronghout this specification 1o “one embodimment™ or “an
embodiment” means that a particular featare, structare or characteristic described in
connection with the embodiment 18 included in at least one embodiment. Thus, the
appearances of the phrases “in one embodiment”™ or “in an embodiment” in various
20 placesthroughout this specification are not necessarily all referring to the same
embodiment. Fuarthermore, the particalar features, structures, or characteristics may be
combined in any suitable manner in one or more embodunents. Also, as used in this

A% £,

specification and the appended claims, the singular forms “a.” “an,” and “the”™ include

plural referents unless the content clearly dictates otherwise. It should also be noted

25 that the tenw Yor” is generally employed in its sense including “and/or™ unless the
content clearly dictates otherwise.
A. Porous Scaffold Materials

30 For the purposes of embodiments of the current Invention, a porous scaffold

may be used, into which silicon is to be impregnated. In this context, the porous
scaffold can comprise various materials. In some embodiments the porous scaffold
material primarily comprises carbon, for-example hard carbon. Other allotropes of
carbon are also envisioned in other embodiments, for example, graphite, amorphous
35 carbon, diamond, €60, carbon nanotubes {e.g., single andfor multi-walled), graphene
and ‘or carbon fibers. The yntroduction of porosily inte the carbon material can be
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achieved by a variety of means. For instance, the porosity in the carbon material can be
achieved by modulation of polymer precursors, and/or processing conditions to create
said porous carbon material, and described in detail i the subsequent section.

In other embodiments, the porous scaffold comprises & polymer raaterial, To
this end, a wide variety of polymers are eavisioned i various embodiments o have
wiility, including, but not Hmited to, Inorganic polymer, organic polymers, and addition
polvimers. Examples of norganic polvivers In this context includes, but are not limited
to homochain polymers of sihicon-silicon such as polysilanes, sthcon carbide,
polvgermanes, and polvstannanes. Addidonal examples of inorganic polymers
includes, but are not limited to, heterochain polymers such as polyborazylenes,
polysiloxanes like polvdimethylsiloxane {PDMS), polvinethyibvdrosiloxane (PMHS)
and polydiphenylsiloxane, polysilazanes like perhydridopolysilazane (PHPS),
polyphosphazenes and poly(dichlorophosphazenes), polyphosphates, polythiazyvls, and
polysulfides. Examples of organic polymers includes, but are not Himited to, low
density polvethylene (LDPE), high density polyethylene (HDPE), polvpropylene (PP),
polyving! chlonide (PVC), polystyrence (PS), nylon, nyvion 6, nvlon 6,6, teflon
{(Polyvtetratluoroethylene), thermoplastic polyurethanes (TPU), polyureas, poly(laciide),
polv{glveolide) and combinations thereof, phenolic resing, polyamides, polyaramids,
polvethylene terephthalate, polvchloroprene, polvacrylonitrile, polvaniline, polvimide,
poly(3.4-ethvienedionythiophene) polystyrene sulfonate (PDOTPSS), and others
known i the arts. The organic pelymer can be synthetic or natural i origin. In some
embodinents, the polymer i3 a polvsaceharide, such as starch, cellulose, cellobiose,
arnylose, amylpectin, gum Arabic, Henin, and the ke, In some embodiments; the
polysaccharide is derived from the carmelization of mono- or oligomeric sugars, such
as fructose, glucose, sucrose, maltose, raffinose, and the like.

In certain embodiments, the porous scaffold polymer material comprises a
coordination polymer, CToordination polymers in this context include, but are not
himited to, metal organic frameworks (MOFs),. Techniques for production of MOFs, as
well as exemplary species of MOFs, are known and described in the art ("The
Chemistry and Applications of Metal-Organdc Frameweorks, Hirovasu Furukaws et al.
Science 341, {2013): DOL 10.1126/science, 1230444). Examples of MOFs in the
context include, but are not mited to, Basolite™ materials and zeolitic imidazolate
frameworks {Z1Fs).

Conconitant with the myviad variety of polymers envisioned with the potential
to provide a porons substrate, various processing approaches are envisioned in various
embodiments to achieve said porosity. In this context, general methods for imparting
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porosity into various materials are myriad, as known in the art, including, but certainly
not Hnited to, methods involving emulsification, micelle creation, gasification,
dissolution followed by solvent removal {for example, lyophilization), axial compaction
and sintering, gravity sintering, powder rolling and sintering, isdstatic cotapaction and
statering, metal spraving, metal coating and sintering, metal ijection mokding and
sintering, and the like. Other approaches lo create a porous-pelymeric material,
including creation of a porous gel, such as a freeze dried gel, aerogel, and the like are
also envistoned.

In certain erabodiments, the porous scaffold material comprises 4 porous
ceramic material. In certain embodiments, the porous scaffold material comprises a
porous ceramic foam. In this context, general methods for imparting porosity into
ceramic materials are varied, as kuown in the art, including, but certainly not limited to,
cregtion of porous In this context, general methods and materialy suitable for
comprising the porous ceramic include, but are not limited to, porous aluminum oxide,
porous zirconia toughened aloming, porous parttally stabilized zivconia, porous
alumina, perous sintered silicon carbide, sintered silicon nitride, porous cordierite,
porous zirconium oxide, clay-bound silicon carbide, and the like.

In certain embodiments, the porous scaffold comprises porous silica or other
silicon material containing oxvgen. The creation of silicon gels, including sol gels, and
other porous silica materials is known in the art.

In certain embodiments, the porous material comprises a porous metal. Suitable
metals in this regard include, but are not Hmited to porous aluminum, porous steel,
porous mickel, porous Inconcel, porous Hasteloy, porous thianiwn, porous copper,
porous brass, porous gold, porous silver, porous germantum, and other metals capable
of being formed o porous structures, as known in the art. In some embodiments, the
porous scaffold material comprises a porous metal foam. The types of metals and
methods 1o manufacture related to same ave known in the art. Such methods mclude,
hat are not Hmited to, casting (including Toaming, infiliration, and lost-foam casting),
deposition {chemical and physical), gas~-entectic formation, and powder metallurgy
techniques (such as powder sintering, compaction in the presence of a foaming agent,
and fiber metallurgy techniques).

B. Porous Carbon Scaffold

Methods for preparing poarous carbon materials from polymer precursors are
known in the art. For example, methods for preparation of carbon materials are
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described in U.S. Patent Nos. 7,723,262, 8,293,818, 8.404 384, 8.654.507. 8.916.296,
9,269,502, 10,390,277, and U 8. patent application 16/745,197, the full disclosures of
which are hereby incorporated by reference in thewr entireties for all purposes.

Accordingly, it one embodiment the present disclosure provides a method for
preparing any of the carbon materials or polymer gels described above. The carbon
materials may be svnthesized through pyrolysis of either a single precursor, for example
a saccharide material such as sucrose, fructose, glucose, dextrin, maltodextrin, starch,
amylopectin, amiyose, lignin, gum Arabic, and other sacchardes known wn the art, and
combmations thereof. Alternatively, the carbon materials may be synthesized through
pyrolysis of a complex resin, for instance formed using a sol-gel method using polymer
precursors such as phenol, resorcinol, bisphenol A, urea, melamine, and other suitable
compounds known in the art, and combinations thereof, i a suitable solvent such as
water, ethanol, methanol, and other solvents known in the art, and combinations
thergof, with cross-linking agents such as formaldehyde, hexamsthylenetetramine,
furfural, and other cross-hining agents known in the art, and combinations thereof. The
resin may be acid or basic, and may contain a catalvst.  The catalyst may be volatile or
non-volatile. The pyrolysis temperature and dwell time can vary as known in the art.

In some embodiments, the methods comprise preparation of a polymer gel by a
sol gel process, condensation process or crosslinking process involving monomer
precursor(s) and a crosslinking agent, two existing polymers and a crosshinking agent or
a single polymer and a crosslinking agent, followed by pyrolysis of the polymer gal.
The polymer gel may be dried (e.g., freere dried) prior o pyrolysis; however deying is
not pecessarily required.

The target carbon properties can be derived from a variety of polymer
chemistries provided the polvmerization reaction produces a resin/polymer with the
necessary carbon backbone. Different polymer families include novolaes, resoles,
acrylates, stvrenics, ureathanes, rubbers {veoprenes, styrene-butadienes, ete.), nvlons,
etc. The preparation of anv of these pelyvmer resing can occur via a nuraber of different
processes including sol gel, emudsion/suspension, solid state, solution state, melt state,
ete for either polvmerization and crosshinking processes.

In some embodiments an electrochemical modifier is incorporated into the
material as polymer.  For example, the organic or carbon containing polymer, RF for
example, is copolymerized with the polymer, which contains the electrochemical
madifier. In one embodiment, the electrochemical modifier-containing polymer
contains silicon. In one embodiment the polymer 1s tetraethylorthosiliane (TEOS). In
one embodunent, a TEOS solution is added to the RF solution prior to or during
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polymerization. In another embodiment the polymer is a polysilane with organic side
groups. In some cases these side groups are methyl groups, in other cases these groups
are phienyl groups, in other cases the side chains include phenyl, pyrol, acetate, vinyl,
stloxane fragments. In some cases the side chain includes a gronp 14 element (silicon,
germanivm, tin or lead), In other cases the side chain includes a group 13 element
{horon, aluminom, boron, galltem, indtum}. [n other cases the side chain includes a
group 15 element (nitrogen, phosphorous, arsenic). In other cases the side chain
includes a group 16 element (oxvgen, sulfly, selentum).

In another embodiment the electrochemical modifier comprises a silole. In
some cases it i3 a phenobsilole or a silafluorene. In other cases it is a poly-silole or a
poly-sitafluorene. In some cases the silicon is replaced with germanium (germole or
germatluorene), tin (stamnole or stannaflourene) nrogen {carbazole) or phosphorous
{phosphole, phosphafluorene). In all cases the heteroatom containing material can be a
simall molecule, an cligomer or a polymer. Phosphorous atons may or may not be also
honded to oxygen.

In some embodiments the reactant comprises phosphorous. In certain other
embodiments, the phosphorus i3 in the form of phosphoric acid. In certain other
embodiments, the phosphorus can be in the form of a salt, wherein the anion of the salt
comprises one or more phosphate, phosphite, phosphide, hvdrogen phosphate,
dihydrogen phosphate, bexafloorophosphate, hypophosphite, polyphosphate, or
pyrophosphate jous, or combinations thereof In certain other embodiments, the
phosphorus can be in the form of a salt, wherein the cation of the salt comprises one or
nore phosphomiwn jons.  The non-phosphate containing anion or cation pair for any of
the above embodiments can be chosen for those known and described in the art. In the
context, exemplary cations to pair with phosphate~-containing anions include, but are not
limited to, anmonium, tetraethylamnmonium, and tetramethylammonium ions. In the
context, examnplary auions to pair with phosphate-containing cations nclude, but are not
hmited o, carbonate, dicarbonate, and acetate ions.

In some embodimenis, the catalyst comprises a basic volatile catalyst. For
example, in one embodiment, the basic volatile catalyst comprises ammonium
carbonate, ammonium bicarbonate, ammonium acetate, anunoniwm hydroxide, or
combinations thereof. In a further embodiment, the basic volatile catalyst is ammonium
carbonate. In another further embodiment, the basic volatile catalyst is ammonium
acetate.

In still other embodiments, the method comprises admixing an scid. In certain
embodiments, the acid s a solid at room temperature and pressure. In some

10
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embodiments, the acid is a liquid at room tempersture and pressure. In some
embodiments, the acid is a liquid at room temperature and pressure that does not
provide dissolution of gne or more of the other polvmer precursors.

The acid nway be selected from any number of acids suitable for the
polymerization process. For example, in some embodiments the acid is acetic acid and
in other embodiments the acid Is oxalic acid. In further embodiments, the acid 15 mixed
with the first or second solvent in a ratio of acid to solvent of 99:1, 90:10, 75:25, 50150,
25:75, 20080, 10:90 or 1:30. In other emboduments, the acid 1s acetic acid and the first
ar second solvent ts water. In other embodiments, acidity is provided by adding a solid
acid.

The total content of acid in the mixture can be varied to alter the properties of
the final product. In some embodiments, the acid is present from about 1% to about
0% by weight of mixture. In other embodiments, the acid is present from about 3% 1o
about'253%. In other embodiments, the acid is present from about 109 1o about 20%,
for example about 10%, abowt 15% or about 20%.

In certain embodiments, the polymer precursor components are blended together
and subsequently held for a tme and al a temperature sufficient to achieve
polvmerization. One or more of the polymer precursor components can have particle
size less than about 20 mm i size, for example less thap 10 mny for example less than
7 mm, for example; fess than 5 mm, for example less than 2 mo, for example less than
1 mm, for example less than 100 muicrons, for example tess than 10 microns. In some
embodiments, the particle size of one or more of the polymer precursor components is
reduced during the blending process.

The blending of one or more polymer precursor components in the absence of
solvent can be accomplished by methods described in the art, for example ball milling,
jet milling, Fritsch milling. planetary mixing, and other mixing methodologies for
mixing or blending solid particles while controlling the process conditions {e.g,
temperature}. The mixing or blending process can be accomplished before, during,
and/or after {or combinations thereof) incubation at the reaction {enyperature.

Reaction parameters incinde aging the blended mixture at & temperature and for
a time sufficient for the one or more polvmer precursors to react with each other and
formy & polymer. In this respect, suitable aging temperature ranges from about room
temperature to femperatures at or near the melting point of one or more of the polymer
precursors. In some embodiments, suitable aging temperature ranges from about room
tenperature 1o femperatures at or near the glass transition temperatare of one or more of
the polymer precursors.  For example, in some embodiments the solvent free mixture

il
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is aged at temperatures from about 20 °C to about 600 °C, for example about 20 °C to
about $00 °C, for example about 20 “C to about 400 °C, for example about 20 °C to
about 300 *C, for example about 20 °C to about 200 °C. In certaim embodiments, the
solvent free mixture is aged at temperatures from about 30 to abont 250 °C,

The reaction duration ts generally sufficient 1o allow the polymer precussors to
react-and form a polymer, for example the mixture may be aged anywhere from 1 howr
to 48 hours, or more or less depending on the desired result. Typical embodiments
include aging for a period of time ranging from about 2 hours to about 48 hours, for
example i some embodiments aging comprises about 12 hours and w other
embodiments aging comprizes about 4-8 hours {e.g., aboni 6 hows).

In certain embodiments, an electrochemical modifier is incorporated during the
above described polymerization process. For example, in some embodiments, an
electrochemical modifier in the form of metal particles, metal paste, metal salt, metal
oxide or molfen metal can be dissobved or suspended into the mixture from which the
gel resin is produced

Exeruplary electrochenuical modifiers for producing composite materials may
fall into ore or morve than one of the chemical classifications. In some embodiments,
the electrochemical modifier is a lithiwm salt, for example, but not timited 1o, lithium
finoride, lithiwm chiloride, Hthium carbonate, Hihivm hydroxide, lithium benzoate,
hithinm bromide, Hithny formate, Hibium bexallvorophosphate, lithiom iodate, Hibium
wdide, lithium perchlorate, lithium phosphate, lithium selfate, lithium tetraborate,
Hihium tetrafluoroborate, and combinations thereof,

In cerftain enabodiments, the electrochemical modifier comprises 4 metal, and
exemplary species includes, but are not limited to aluninum isoproproxide, manganese
acetate, nickel acetate, ron acetaie, tin chilonde, stlicon chloride, and combnations
thereof, In certain embodiments, the electrochemical modifier is a phosphate
compound, including but not limited to phytic acid, phosphoric acid, ammonium
dihydrogenphosphate, and combinations thereof, In certain embodiments, the
electrochemical modifier comprises silicon, and exemplary species includes, but are not
fimited to silicon powders, silicon nanotubes, polycrystalline silicon, nanocrystatline
silicon, amorpobouns silicon, porous silicon, nano sized silicon, nano-featured silicon,
nago-sized and nano-featured sibicon, sithicyne, and black silicon, and combinations
thereof

Electrochemical modifiers can be combined with a variety of polvmer systems
through either physical mixing or chemical reactions with {atent (or secondary) polymer
fenctionality. Examples of latent polymer functionality include, but are not limited to,
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epoxide groups, unsaturation (double and triple bonds), acid groups, alcohol groups,
amine groups, basic groups. Crosslinking with latent functionality can ocour via
heteroatoms (e.g. vulcanization with sulfur, acid/base/ting opening reactions with
phosphoric acid), reactions with organic acids or bases {described above), coordination
to transition metals (including but not Bmited to Ti, Cr, Ma, Fe, Co, Ny, Cy, Zn, Zr, Nb,
Mo, Ag. An), ring opening or ring closing reactions {rotaxanes, spiro compounds, etc).

Electrochemical modifiers can also be added 1o the polymer system through
physical blendimg. Physical blending can inclode but is not Hnuted to melt blending of
polvmers andéor co~-polymers, the mclusion of diserete particles, chemical vapor
deposition of the electrochemical modifier and coprecipitation of the electrochemical
modifier and the main polymer material.

In some instances the electrochemical modifier can be added via a metal saly
solid, solution, or suspension. The metal salt solid, solution or suspension may comprise
acids and/or alcohols to improve solubility of the metal salt. In yet another variation,
the polymer gel {either before or after an optional deving step) is contacted with a paste
comprising the electrochenucal modifier. In vet another variation, the polymer gel
{either before or after an optional drying step) is contacted with a metal or metal oxide
sof comprising the desired electrochemical modifier.

In addition o the above exemplified electrochemical modifiers, the composite
materials may comprise one or more additional forms {t.e. allotropes) of carbon. In
this regard, it has been found that inclusion of different allotropes of carbon such as
graphite, amorphous carbon, conductive carbon, carbon black, diamond, 60, carbon
nanotubes (e.g., single and/or nuultt-walled), graphene and for carbon fibers into the
composite materials is effective to optimize the electrochemical properties of the
composite materials. The various allotropes of carbon can be incorporated into the
carbon materials during any stage of the preparation process describad herein. For
exaniple, during the solution phase, during the gelation phase, during the curing phase,
daring the pyrolysis phase, during the milling phase, or after milling. lusome
embodiments, the second carbon form is incorporated inio the composite material by
adding the second carbon form before or during polymerization of the polvmer gel as
described in more detail herein. The polymerized polvmer gel containing the second
carbon form 1s then processed according to the general technigues described herein to
obtain a carbon material containing a second alletrope of carbon.

In a preferred embodinment, the carbon is produced from precursors with listle of
110 sobvent required for processing {solven free). The structire of the polvmer

precursors suitable for use m a low solvent or essentially solvent free reaction mixture
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is not particularly limited, provided that the polymer precursor is capable of reacting
with another polymer precursor or with a second polymer precursor to form a polvimer.
Polymer precursors melude amine-containing compounds, alcohol-containing
compounds and carbonyl-containing compounds, for example in some embodiments the
polymer precursors are selected from an alcohol, a phenol, a polvalcohel, 4 sugar, an
alkyl amive, an aromatic amine, an aldehvde, a ketone, a carboxvlic acid, an ester, a
ured, an acid halide and an isocyanate.

Inone embodiment emploving a low or essentially solvent free reaction niixtine,
the method comprises nse of a first and second polymer precursor, and in some
embodiments the first or second polymer precursor is a carbonyl containing compound
and the other of the first or second polyvmer precurser is an alcoho! containing
compourd. In some embodiments, a first polymer precursor is a phenolic compourxd
and 4 second polymer precursoris an aldehyde componnd {e.g., formaldehyde). Inone
embodiment, of the method the phenolic compound is phenol, resorcinol, catechnl,
hydroguinone, phloroglucinol, or & combination thereof; and the aldehvde compound is
tormaldehvde, acetaldehvde, propionaldehyde, butyraldehvde, henzaldehyde,
cinnamaldehyde, or a combination thereof. 1o a fiwther erabodiment, the phenolic
compound is resorcinel, phenol or a combination thereof, and the aldehyde compound
is formaldehvde. In yet further embodiments, the phenolic compound s resorcinol and
the aldehyde compound is formaldehyde. 1o some embodinents, the polymer
precursors are aleohols and carbonyl compounds (e g, resorcinol and aldehvde) and
they are present i a vatto of about 0.5:1.0, respectively.

The polymer precursor materials suttable for low or essentially solvent free
reaction mixture as disclosed herein include (a) alcohols, phenolic compounds, and
other mono- or polyvhydroxy compounds and (b) aldehydes, ketones, and combinations
thereof, Representative alcohols in this context include straight chain and branched,
saturated and unsaturated alcohols. Suitable phenolic compounds include polyhydroxy
benzene, such as a dilbvdroxy or tribydrosy benzene, Representative polyhydroxy
benzenes mclude resorcinol (Le., 1.3-dihydroxy benzene), catechol, hydroquinone, and
phloroglucinol. Other snitable compounds in this regard are bisphenols, for instance,
hisphenol A. Mixtures of two or more polvhvdroxy benzenes can also be vsed. Phenol
(monohvdroxy benzene) can also be used. Representative polyhydroxy compounds
include sugars, such as glucose, sucrose, fructose, chitin and other polyols, such as
mannitol. Aldehydes in this context include: straight chain saturated aldevdes such as
methanal (formaldehvde), ethanal (acetaldehyde), propanal (propionaldetivde), botanal
(butyraldehyde), and the like; straight chain unsaturated aldehvdes such as ethenone and
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ather ketenes, 2~propenal (acrylaldehvde), 2-butenal (crotonaldehyde), 3 butenal, and
the like; branched saturated and unsaturated aldehydes; and aromatic-type aldelydes
such as benzaldehyde, salicylaldehyde, hydrocinnamaldehyde, and the hke. Suitable
ketones include: straight chain saturated ketones such as propanone and 2 butanone, and
the like; straight chain unsaturated ketones such as propenone, 2 butenone, and 3
butenone (methyl vinyl ketone) and the like; branched satorated and unsaturated
ketones; and aromatic-type ketones such as methyl benzyl ketone (phenyvlacetong),
ethyl benzyl ketone, and the ke, The polvmer precursor materials can also be
combinations of the precursors described above.

In some embodiments, one polymer precarsor in the low or essentially solvent
free reaction mixture is an alcohol-containing species and another polyvmer precursor is
a carhonyl-contahming species. The relative amouants of gleohol-containing species (e.g.;
alcohols, phenolic compounds and mono- or poly- hydroxy compounnds or combinations
thergof) reacted with the carbonyl containing species {e.g. aldehydes, ketones or
combinations thereof) can vary substantially, In some embodiments, the ratio of
alcohol-containing species to aldehyde species 1s selected so that the total moles of
reactive alcohol groups in the alcohol-containing species 1s approximately the same as
the total moles of reactive carbonyl groups in the aldehvde species. Similarly, the ratio
of alcohol-containing species to ketone species may be selected so that the total moles
of reactive alcobol groups in the alcohol contaiming species is approximately the same
as the total moles of reactive carbonyl groups in the ketone species. The same general
1:1 molar ratio hokls trug when the carbonvi-containing species comprises a
combination of an aldehyde species and a ketone species.

In other embodiments, the polymer precursor in the low or essentially sofvent
free reaction muxiure 1S a urea or an amine containing compound. For example, 1o some
embodiments the polymer precorsor is urea, melamine, hexamethyvlenstetramine (HMT)
ot combination thereof. Other embodiments include polymer precursors selected from
iocyangtes ot other activated carbonyl compounds such as acid halides and the like,

Some embodiments of the disclosed methods inclade preparation of low or
sotvent-free polymer gels {and carbon materials) comprising electrochemical modifiers.
Such elecirochemical modifiers include, but are not Hmited to nitrogen, silicon, and
sulfur. In other embodiments, the electrochemical modifier comprises fluorine, ron,
tin, silicon, nickel, aluminum, zinc, or manganese. The electrochemical modifier can be
included in the preparation procedurs at any step. For example, in some the
electrochemical modifier 18 admixed with the mixture, the polymer phase or the

continuous phase.

S
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The blending of one or more polymer precursor components in the absence of
solvent can be accomplished by methods described in the art, for exampte ball milling,
jet milling, Fritsch milling, planetary nyising, and other mixing methodologies for
nuxing ot blending solid particles while controlling the process conditions {e.¢.,
temperature). The mixing or blending process can be accomplished betfore, during,
andfor after (or combinations thereof) incubation at the reaction temperature.

Reaction pavameters include aging the blended mixture at a temperatare and for
a time sufficient for the one of more polymer precursors 1o react with each other and
form a polymer. In this respect, suitable aging temperature ranges from about room
temperature to temperatures at or near the melting point of one or more of the polymer
precursors. In some embodiments, suitable aging temperature ranges from about room
temperature to temperatures at or near the glass trausition temperature of one or more of
the polymer precursors.  For example, in some embodiments the solvent free muxture
i aged at temperateres from about 20 °C to-about 600 °C, for example about 20 °C 1o
about 500 °C, for example about 20 °C 10 about 400 °C, for example shoot 20 °Cto
about 300 °C, for example gbout 20 °C to abont 200 °C. In centain embodiments, the
solvent free mixture 1s aged at temperatures from about 50 to about 250 °C.

The porous carbon material can be achieved via pyrolvsis of a polymer
produced from precursors materials as described above. In some embodiments, the
porous carbon material comprises an amorphous activated carbon that is produced by
pyrolysis, physical or chemical activation, or combination thereof in either a single
process step or sequential process steps.

The temperature and dwell time of pyrolvsis can be varied, for example the
dwell time van vary from | minto 10 man, from 10 min to 30 min, from 30 min 1o 1
hour, for 1 hour 10 2 hows, from 2 bours o 4 hows, fom 4 hours to 24 h. The
temperature can be varied, for example, the pyrolysis temperature can vary from 200 to
300 C, from 250 to 350 C, from 350 C to 450 C, from 450 C to 350 €, from 340 C
650 C, from 650 C to 750 C, from 750 C to 830 C, from 830 C 10 950 C, from 950 C o
1050 C, from 1050 C to 1150 C, from 11350 C to 1250 (. The pyrolysis can be
aceomplished in an inert gas, for example nitrogen, orargon.

In some embodiments, an altemnate gas is used 1o further accomplish carbon
activation. In certain embodiments, pyrolysis and activation are combined. Suitable
gases for accomplioshing carbon activation include, but are not fimited to, carbon
dioxide, carbon monoxide, water {steam), air, oxygen, and further combinations thereof.
The temperature and dwell thme of activation can be varied, for example the dwell time
van vary from 1 sun to 10 min, from 10 i 1o 30 min, from 30 min to | hour, for |
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hour to 2 hours, from 2 hours to 4 hours, from 4 hours to 24 h. The temperature can be
varted, for example, the pyrolysis temperature can vary from 200 to 300 C, from 250 to
350 C, from 350 Cto 450 €, from 450 C o 550 €, from 540 C 10 650 C, from 630 C 1o
7530 C, from 750 C o 850 C, from 850 C 1o 950 €, from 950 C 10 1050 C_ from 1050 C
o 1156 C, from 1156 Cro 1250C.

Either prior to the pyrolysis, andfor after pyrolysis, andéor affer activation, the
varbon may be subjected fo a particle size reduction. The particle size reduction can be
accomphished by a vanety of techniques kiown in the art, for example by jet milling
the presence of various gases including air, nitrogen, argon, helinm, supercritical steam,
and other gases known in the art. Other particle size reduction methods, such as
grinding, ball milling, jet milling, water jet milling, and other approaches known in the
art are also eavisioned.

The porous carbon saffold may be in the form of particles. The particle size and
particle size distribution can be measurad by a variety of techniques known in the art,
and can be described based on fractional volume. In this regard, the Dy, 50 of the
carbon scaffold moay he beween 10 nmand 10 nom, for example between 100 ran and
i, for example between T um and 100 wm, for example between 2 am and 3¢ am,
example between 3 um and 30 um, example berween 4 um and 20 um, exanmple
between 5 wm and 10 pm. In centain embodiments, the Dv 50 is less than § mm,
example less than 100 um, for example fess than S0 um, for example less than 30 um,
for example less than 20 am, for example less than 10 um, for example less than 8 wm,
for example less than § um, for example less than 3 um, for example less than T um. In
certain embodiments, the D¢, 100 15 less than T mm, for exanple less than 100 um, for
example less than 30 wm, for exanple less than 30 um, for example less than 20 wm, for
example less than 10 um, for example less than 8 um, for example less than 5 um, for
example less than 3 wn, for example less than 1 um. In certain embodiments, the Dv 99
is less than | mny, for example less than 100w, for example less than 50 um, for
example less than 30 um, for example less than 20 wm, for example less than 10 am, for
example less than 8 um, for example less thaw S um, for example less than 3 um, for
example less than 1 an. In certain embodinments, the Dv 80 is less than | mm, for
example less than 100 um, for example 1ess than 50 um, for example less than 30 nm,
for exanple less than 20 am, for example less than 10 um, for example less than 8 wm,
for examyple less than S um, for example less than 3 wm, for example less than T um. In
certain embodimens, the Dv 0 is greater than 10 nm, for example greater than 100 nm,
for example greater than 300 nm, for example greater than 1 um, for example greater
than 2 wm, for example greater than S um, for example greater than 10 um. In certain
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embodiments, the Dv,1 is greater than 10 nm, for example greater than 100 nm, for
example greater than 300 nny, for example greater than | um, for example greater than 2
um, for example greater than 3 um, for example greater than 10 um. In certam
ernbodiments, the Dv 10 1s greater than 10 nmy, for examplie preater than 100 i, for
example greater than 500 nm, for example greater than 1 um, for example greater than 2
um, for example greater than S wm, for example greater than 10 am.

In some embodiments, the surface area of the porous carbon scaffold can
comprise a surface area greater than 400 m2/g, for example greater than 500 m2ig, for
example greater than 750 m/g, for example greater than 1000 w2y, for example
greater than 1250 m2/g, for example greater than 1300 m2/g, for example greater than
1750 m2/p, for example greater than 2000 m2/g, for example greater than 2500 /g,
for example greater than 3000 m2fg. In other embodiments, the surface area of the
porous carbon scaffold can be less than 500 m2/g. In some embodiments, the surface
area of the porcus carbon scaffold is between 200 and 300 m2/g, In some
emboditents, the surface arca of the porous carbon scaffold is between 100 and 200
m2/g. In some embodiments, the surface area of the porous carbon scaffold is between
50 and 100 m2/g. In some embodiments, the surface arca of the porous carbon scaffold
is between 10 and 50 m2/g. In some embodiments, the surface area of the porous
carbon scaffold can be less than 10 m2i.

i some embodiments, the pore volume of the porows carbon scaffold 18 greater
than 0.4 cm3/g, for example greater than 0.5 om3/g, for example greater than 0.6 cm¥/g,
for example greater than 0.7 cm®/g, for example greater than 0.8 cm3/g, for example
greater than 0.9 em3/g, for example greater than 1.0 om3/g, for example greater than
L1 em3/g, for example greater than 1.2 em3/g, for example greater than 1.4 cm3/g, for
example greater than 1.6 om3/g, for example greater than 1.8 em3/y, for example
greater than 2.0 cm3 g, In other embodiments, the pore volume of the porous silicon
scaffold is less than 0.5 cm3, for exaniple between 0.1 cn¥ g and 0.5 cmd/g, In certain
other embodiments, the pore volume of the porous silicon scaffold is between 6.01
cmdg and 0.1 em3ig

In some other embodiments, the porous carbon scatfold s an amorphous
activated carbon with a pore volume between 0.2 and 2.0 cm3/¢. In certain
embodiments, the carbon is an amorphous activated carbon with a pore volune between
0.4 and 1.5 em3/y. In certain embodiments, the carbon is an amorphous activated
carbon with a pore volume between 0.5 and 1.2 cond/g. In certain embodiments, the
carbon s an amorphous activated carbon with a pore volume between 0.6 and 1.0
cmdig.

18
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In some other embodiments, the porous carbon scatfold comprises a tap density
of less than 1.0 géfem3, for example less than 0.8 g/cm3, for example less than 0.6
giem3, for example less than (L5 giom3, for example less than (1.4 g/em3, for example
less than 0.3 glom3, for example less than 0.2 glem3, for example less than 0.1 giem3.

The surface fonctionality of the porous carboniscattold can vary. One property
which can be predictive of sarface functionality is the pH of the porous carbon scaffold.
The presently disclosed porous carbon scaffolds comprise pH values ranging from less
than 1 to about 14, for example less than 5, from 5 10 8 or greater than 8. In some
embodiments, the pH of the porous carbon is less than 4, less than 3, less than 2 or even
less than 1. In other embodiments, the pH of the porous carbon is between about 5 and
6, hetween about 6 and 7, between about 7 and 8 or between 8 and 9 or between % and
10, In still other erobodiments, the pH is high and the pH of the porous carbon ranges is
greater than 8, greater than 9, greater than 10, greater than 11, greater than 12, or even
greater than 13,

The pore vohuue distribution of the porous carboun scaffold can vary. For
example, the % micropores can comprise less than 30%, for example less than 20%, for
example less than 10%. for example less than 5%, for example less than 4%, for
example less than 3%, for example less than 2%, for example less than 1%, for example
less than 0.53%, for example less than 0.2%, for example, less than 0.1%6. In certain
embodiments, there is no detectable micropore volume i the porous carbon scaliold.

The mesopores comprising the porous carbon scaffold scaffold can vary. For
example, the % mesopores can comprise less than 30%, forexample less than 20%, for
example less than 10%, for example less than 5%, for example less than 4%, for
example less than 3%, for example less than 3%, for exarople less than 1%, for example
fess than 0.5%, for example less than 0.2%, for example, less than 0.1%. In certain
embodiiments, there Is no detectable mesopore volume in the porous carbon scaftold.

In some embodiments, the pore volume distribution of the porous carbon
scaffold scaffold comprises more than $0% macropores, for exanple more than 60%
macropores, for example more than 70% macropores, for example more than 80%
macropores, for example more than 90% macropores, for example more than 95%
macropores, for example more than 98% macropores, for example more than 99%
macropores, for example more than 98.5% macropores, for example more than 99.9%
MAcropores:

In certain preferred embodiments, the pore volume of the porous carbon scaffold
comprises a blend of micropores, mesopores, and macropores. Accordingly, in certain
embodiments, the porous carbon scaffold comprises 0-20% micropores, 30-70%
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mesopores, and less than 10% macropores. In certain other embodiments, the porous
carbon scaffold comprises 0-20% micropores, 0-20% mesopores, and 70-95%
macropores. In certain other embodiments, the porous carbon scaffold comprises 20-
50% nucropores, $0-80% mesopores, and 0-10% macropores. In certain other
embodiments, the porous carbon scatfold comprises 40-60% micropores, 40-60%
mesopores, and 0-10% macropores. In certain other embodiments, the porous carbon
scattold comprises 80-95% micropores, 0-10% mesopores, and 0-10% macropores. In
certain other embodiments, the porous carbon scatfold comprises 0-10% micropores,
30-30% mesopores, and 30-70% macropores. In certain other embodiments, the porous
carbon scaffold comprises 0-10% micropores, 70~-8(% mesopores, and 0-20%
macropores. In certain other embodiments, the porous carbon scaffold comprises 0-
20% nuicropores, T0-95% mesopores, and 0-10% macropores. In certain other
embodiments, the porous carbon scatfold comprises 0-10% micropores, 70-95%
mesopores, and 0-20% macropores.

In centain embodinents, the % of pore volume in the porous carbon scaffold
representing pores hebween 100 and 1000 A {10 and 100 mn) comprises greater than
30% of the total pore volume, for example greater than 40% of the total pore volome,
for example greater than 50% of the total pore volume, for example greater than 60% of
the total pore volume, for example greater than 70% of the total pore volume, for
example greater than 30% of the total pore volume, Tor example greater than 90%; of the
total pore volume, for example greater than 95% of the total pore volume, for example
greater than 98% of the total pore volume, for example greater than 99% of the total
pore volurse, for example greater than 99.5% of the total pore volume, forexample
greater than 99.9% of the total pore volume.

In certain ersboditnents, the pycnometry density of the porous carbon scaffold
ranges from about 1 gice to abowt 3 gilee, for example from about 1.3 g/ec to about 2.3
gfice, 1o other cinbodiments, the skeletal density ranges from about 1.5 ce/g 10 about 1.6
cefg, from about 1.6 co/g to about 1.7 cofy, from about 1.7 ¢ofg to about 1.8 cofg, from
about 1.8 ¢¢/g to about 1.9 cofg, from about 1.9 cofg to about 2.0 cofg, from about 2.0
cofg to about 2.1 cofg, from about 2.1 ¢¢/y to about 2.2 ¢ofy or fom about 2.2 cofg to
about 2.3 cefg, from about 2.3 ¢¢ to about 2.4 cofg, for example from about 2.4 ¢c¢fg to
about 2.5 cofg.

20



Lh

10

‘.’.h

20

P
T

WO 2022/040328 PCT/US2021/046527

C. Silicon Preduction Via Chemical Vapor Infiltration (CVDH

Chemical vapor deposition {CVI) is a process wherein a substrate provides a
solid surface comprising the first component of the composite, and the gas thermally
decomposes on this solid surface to provide the secoud component of composite, Such
a CVD approach can be emploved, for instance, to create $i-C composite materials
wherein the silicon 5 coating on the outside surface of silicon particles. Alernatively,
chemical vapor infiltration (CV1) is @ process wherein @ substrate provides a porous
scaffold comprising the first component of the composite, and the gas thermally
decomposes on into the porousity (into the pores) of the porous scaffold matersal to
provide the second component of composite.

fnan embodiment, silicon is created within the pores of the porous carbon
scaffold by subjecting the porous carbon particles to a sthicon containing precursor gas
at elevated temperatire and the presence of a silicon-containing gas, preferably stlane,
in order 1o decompose said gas to silicon. The silicon comtaining precursor gas can be
mixed with other inert gases, for example, nitrogen gas. The temperature and time of
processing can be varied, for example the temperature can be between 200 and 900 C,
for example between 200 and 250 C, for example between 250 and 300 C, for example
between 300 and 350 C, for example between 300 and 400 C, for example between 350
and 450 C, for example between 350 and 400 C, for example between 400 and 500 C,
for example between 300 and 600 €| for example between 600 and 700 C, for example
between 700 and 800 C, for example between 808 and 900 C, for example between 600
and 1100 C.

The mixture of gas can comprise between 0.1 and 1 % silane and remamnder
inert gas. Alternatively, the mixture of gas can comprize between 1% and 10% silane
and remainder inert gas. Alternatively, the mixtare of gas can comprise between 10%
and 20% silane and rematnder inert gas. Alternatively, the mixture of gas can comprise
between 20% and 50% silave and remainder inert gas. Alternatively, the mixtuwre of gas
can comprise above S0% silane and remainder inert gas. Alternatively, the gas can
essentially be 100% silane gas. Suitable inert gases include, but are not limited to,
hydrogen, nitrogen, argon, and combinations thereof

The pressure for the CVI process can be varied. i some embodiments, the
pressure is atmospheric pressure. In some embodiments, the pressure is below
atmospheric pressure, In some embodiments, the pressure Is above atmospheric
pressure.
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D, Physico— and Electrochemical Properties of Silicon—Carbon Composite

While not wishing to be bound by theory, it is believed that the nano sized
stlicon achieved as a result of filling in cerain, desived pore volume structure of the
porous carbon scattold (for instance, silicon flling pores n the range of 5 to 1000 nm,
or other range as disclosed elsewhere herain), along with the advantageous properties of
the other components of the composite, including low surface area, low pycnometry
density, vield composite materials having different and advantageous properties, for
instance electrochemical performance when the composite comprises an anode of g
fithivan fon energy storage device,

In certain embodiments, the embedded silicon particles embedded within the
composite comprise nano-sized features. The nano-sized features can have a
characteristic length scale of preferably less than 1 wm, preferably less than 300 nm,
preferably less than 150 nm, preferably less than 100 um, preferably less than 50 nm,
preferably less than 30 nm, preferably less than 15 nm, preferably less than 10 nmy,
preferably less than 5 nm.

In cerfain ersbodiments, the silicon embedded within the composite is spherical
in shape. In certain other embodiments, the porous silicon particles are non-spherical,
for example rod-like, or fibrous in structure. In some embodiments, the silicon exists as
a layer coating the inside of pores within the porons carbon scaffold. The depth of this
silicon layer can vary, for example the depth can between S nm and 10 am, for example
between 5 nim and 20 nm, for example between 5 om and 30 nm, for example between
5 e and 33 arg, for example between 16 vy and 30 nm, for example between 10 nm
and 50 nm, for example between 10 nig gnd 100 nm, for example between 10 and 150
am, for example between 50 nm and 150 nm, for example between 100 and 300 nm, for
example between 300 and 1000 nm,

In some embodiments, the silicon embedded within the composite is nano sized,
and resides within pores of the porous carbon scaffold. For example, the embedded
silicon can be impregnated, deposited by OV, or other appropriate process info pores
within the porous carbon particle comprising pore sizes between 5 and 1000 nm, for
example between 10 and 500 nm, for example between 10 and 200 nm, for example
between 10 and 100 nm, for example between 33 and 150 am, for example between and
20 and 100 nm. Othes ranges of earbon pores sizes with regards to fractional pore
volume, whether micropores, mesopores, or macropores, are also envisioned.

In some embodiments, the carbon scaffold pore vohane distribution can be
described as the number or volume distitbution of pores as determined as known in the
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art based on gas sorption analysis, for example nitrogen gas sorption analysis. In some
embomidents the pore size distribution can be expressed in terms of the pore size at
which a certamn fretion of the total pore volume resides at or below. For example, the
pore size at which 10% of the pores reside at or below can be expressed at DPvIO,

The DPv18 for the porous carbon scaffold can vary, for example DPvi0 can be
between .01 nm and 100 nm, for example between 0.1 nm and 100 nm, for example
bewtesen 1| mm and 100 nm, for example between 1 nm and 50 nm, for example
between 1 mm and 40 nim, for example between | nm and 30 nm, for example between
o gnd 10 wm, for example between | nm and 5 nm.

The DV for the porous carbon scaffold can vary, for example DPv3( can be
between (.01 nm and 100 nm, for example between 0.1 nm aad 100 nmy, for example
hewteeen | nm and 100wy, for example between 1 mm and 50 nim, for example
between 1 wm and 40 nm, for example between 1 nm and 30 nm, for example between
1 nm and 10 am, for example between 1 mn and 5 nm. In other embodiments, the
DPv5Q is between 2 and 100, for example between 2 and 50, for example between 2
and 30, for example between 2 and 20, for example between 2 and 15, for example
between 2 and 10.

The DPvOU for the porous carbon scaffold can vary, for example DPvO0 can be
between 0.01 nm and 100 s, for example between 0.1 nm and 100 nm, for example
bewteeen T om and 100 nm, for example between am and 30 nmy, for example
between 1 and 50 nm, for example between 1 nm and 40 nm, for example between
1 am and 30 am, for example between | nm ad 10 nm, for example betwesn | nm and
5 pan. In other ewbodiments, the DPVS0 s between 2w and 100 e, for example
between 2 mm and 30 om, tor example between 2 nm and 30 nm, for example between
2 nm and 20 nm, for example between 2 nm and 15 nm, for example between 2 nm and
10 nm.

In soane embodiments, the DPvO) is less than 100 urn, for example less than 50
am, for example less than 40 nm, for example less than 30 nn, for example less than 20
nn, for example lessthan 15 nm, for example fess than 10 v 1o some embodiments,
the carbon scaffold comprises a pore volume with greater than 70% micropores (and
DPvO0 less than 100 nmy, for example DPVOO less than 50 mm, for example DPvOO less
than 40 wmn, for example DPvOG less than 30 nm, for example DPvOO less than 20 nm,
for example DPVOO tess than 15 nm, for example DPvO0 less than 10 nm, for example
DPvI0 less than 5 nm, for example DPvE0 fess than 4 nm, for example DPvO0 less than
3 nm. In other embodiments, the carbon scaffold comprises a pore volume with greater
than 80% micropores and DPvOO less than 100 nm, for example DPvON less than 30
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nm, for example DPv90 less than 40 nm, for example DPv90 less than 30 nm, for
example DPvO0 less than 20 nm, for example DPv90 less than 15 nm, for example
DPv90 fess than 10 nm, for example DPvO0 less than § um, for example DPv90 less
than 4 mm, for example DPvOO legs than 3 mm,

The DP9 for the porous carbon scaffold can vary, for example DPv99 can be
between (.01 nm and 1008 nm, for example between 0.1 mm and 1000 nm, for example
bewtesen 1 mm and 500 nm, for example between 1 nm and 200 am, for example
between L am and 150 mm, for example between | nm and 100 nim, for example
between 1 nm and 50 nm, for example between 1 nm and 20 nne In other embodiments,
the DP9 is between 2 nm and 300 nm, for example between 2 nm and 200 nm, for
exaniple between 2 nmand 150 nm, for example between 2 am and 100 noy, for
example between 2 nm and S0 aun, for example between 2 mn and 20 nm, for example
between 2 mm and 15 nm, for example between 2 nmt and 10 nm.

Embodiments of the composite with extremely durable imtercalation of lithium
disclosed herveln improves the properties of any number of electrical energy stoge
devices, for example hthinm ton batteries. In some embodiments, the silicon-carhon
composite disclosed herein exhibits a Z less than 10, for example a Z less than 3, for
example a Z less than 4, for example a Z less than 3, for example a 7 less than 2, for
example a Z less than 1, for example a Z less than 0.1, for example a £ less than 0.01,
for example a £ less than 0.001. In certain embodiments, the 218 zero.

In certain preferred embodiment, the stlicon-carbon composite comprises
desireably low £ iy combination with another desired physicochenucal andior
electrochemical property or in combination with more than one other desired
physicochemical andfor electrochencal properties. Table 1 provides a description of
certain embodiments for combination of properties for the silicon-carbon composite,
including Reversible Capacity, Surface area can be determined as known in the art, for
exaniple; by aitrogen gas sorption analysis. Silicon content can be determined as
known in th art, for example by TGA. The property Z cau be determined from TGA
according to the carrent disclosure. First cycle efficiency can be determiined as known
in the ant, for example caleulated based.on fiist cycle charge and discharge capacity in g
full cel or half cell. For example, first eycle efficiency can be determined in a haif cell
for the voltage window of S mV t0 0.8 V, or alternatively, SmV to 1.5V, Reversible
capacity can be deseribed as the maximum reversible capacity or maximum capacity,
and can be determined as known in the axt, for example in a half cell for the voltage
window of S mV to 0.8 V, or alternatively, SmV to 1.5 V.
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Table 1. Embodiments for silicon—-carbon composite with embodied properties.

In some embodiments the silicon—carbon composite comprises. ..

Z <19, <8, g, <3 <2 <1, <0.1,<0.01,<0.01,0
Surface Area < 100 mfg, < 50 m2ig, <30 m2/g, <20 m2/g, < 10 m2/g, <5

m2fg <4 mdfy <3 m2/g <2 m2/g < 1 m/g,

First Cycle »759%%, »80%, »85%, >90%, >91%, >92%, >93%, >94%, >95%,
Efficiency 296%%, »97%, »B8%, >99%:;

Reversible »1300 mAk/g, »1600 mAh/g, >1700 mAh/g, >1800 mAh/g,
Capacity 1900 mAh/g, »2000 mAb/g, >2100 mAh/g, >2200 mAh/g,

>2300 mAh/g, >2400 mAh/g, >2500 mAh/g, >2600 mAh/g,
2700 mAk/g, >2800 mAh/g, >2900 mAh/g, >3000 mAh/g;

and/or

Silicon Content | 10%~90%, 15-85%, 20%—80%, 30%—70%, 40%—60%.

by weight

According to Table 1, the silicon~—carbon composite may comprise
combinations of various properties. For sxample, the stlicon—carbon composite may
comprise a Z less than 10, surface area less than 100 m2/g, a fust oyele efficiency
greater than 80%, and a reversible capacity of at least 1300 mAk/g.. For example, the
stlicon—carbon composite may comprise a Z less than 10, surface area less than 100
mdig, a first cyele efficiency greater than 80%, and a reversible capacity of at least
1600 mAR g, For example, the silicon~carbon composite may comprise a Z less than
10, surface area less than 20 m2/g, a first cyele efficiency greater than 85%, and a
reversible capacity of at least 1600 mAh/g. For example, the silicon-carbon composite
mav comprise a Z less than 10, surface grea less than 10 m2/g, g first cvele efficiency
greater than 83%, and a veversible capacity of at least 1600 mARl/g. For example, the
silicon-carbon composite may comprise a Z less than 10, surface area less than 10
m2/y, a first cyele efficiency greater than 90%, and a reversible capacity of at least
1600 mAlg, For example, the silicon—carbon composite may comprise a Z less than
10, surface area less than 10 m2/g, a first cycle efficiency greater than 90%, and a
reversible capacity of at least 1800 mAh/g.

The silicon—carbon composite can comprise a combination of the
aforementioned propetties, in addition to also comprising a carbon scaffold comprising
properties also described within this proposal. Accordingly, Table 2 provides a
description of ceriain embodiments for combination of properties for the silicon—carbon

CoOmposie.
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Table 2. Embodiments for silicoin—carhon composite with embodied properties,

i some embodiments the silicon-carbon compotite compriges.

Z

<10, w5, <4 <3, 22 <], <0.1,<0.01,<0.01,0

Surface Area

< 00 mfg, <50 m/g, <30 m2/g, <20 m2/g, <10 m2/g, <5
m2/ (r <4 ln"’*o <3 m2/ g <2 an/g, <1 Hlm"’

First Cyele , 280%, »85%, >90%, >91%, >92%, >93%, >94%, >95%,

Ethciency ,«‘»'Q{a_.;u, /}?‘,’so, >GR%%, >99%;

Reversible 1300 mAh/g, »1600 mAh/g, >1700 mAh/g, >1800 mAh/g,

Capacity >1900 mAR/g, »2000 mAh/g, >2100 mAh/g, >2200 mAh/g,
»2300 mAk/g, »2400 mAh/g, >2500 mAh/g, >2600 mAh/g,
>2700 mAh/g, >2300 mAh/g, >2900 mAh/g, >3000 mAh/g;

Average 20,9969, »0.9970, #0.9975, >0.9980, >0.9985, >0.9990, >0.9995,

Coulombic >.9999

efficiency

Silicon Content

by weight

10%--90%, 15-85%, 20%-80%, 30%—70%, 40%—60%; 30%-60%

Cathon
Secaffold pore
volume

0.1-1.8 em3/g, 02-1.2 cm3/g, 0.3-1.1 cm3/g, 0.4-1.0 cm3/g,
0.4-1.0 cmdfg, 0.5-1.0 cm3/g, 0.6-1.0 cm3/g, 0.5-0.9 cm3/g,
0.4-1.0 om3/g, »0.1 cm3/g, >0.2 ecm3/g, >0.4 cm3/g, >0.6 cm3/g,

>{).8 cmdie;

%% silicon

content

15%5-25%, 25%-35%,

, 20%—40%, 25%—50%,
30%%-60%, 60%6-80%, 80%—-100%

30%—70%,

Scaffold pore

S1ZE range

<] gy, 1-5 am, 5-1000 nm, 10-500 nm, 10-200 nm, 10-100 nm,
33150 nm, 20100 nm; and/or

Percentage of
PHCTOPOLOSIY/
TESOPOIOsHyY/
IMACTOROIOSItY
eapressed as
percentage of
total pore
volume

220% > 30%230%, <10/>30/>30, <5/>30/>30, <5/>40/>40,
<404040, <10/270/>20, <10/>20/>70, >10/>10/>80,
<8010, <8570/>20, <5/>20/>70,<5/>5/>80, <5/>80/>10,
FROVRAR0%N20%,, »T70/<30/<10, >70/<30/<5,

20010, 2T70/<10/<10, >70/<10/<5, >70/<5/<5,

PROMZD/T B, »RO/20/<S, >80/<20/<1, >80/<10/<10,
FBOAIGE, FROMTG/<T, >90/<10/<10, >90/<10/<5, >90/<10/<1,
SOOMCEY, PO5ASIKS, >00/<5/<1

As used in herein, the perceuntage “microporosity,

REIRY

mesoporesity” and

“macroporosity” refers to the percent of micropores, mesopores and macropores,
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respectively, as a percent of total pore volume. For example, a carhon scaffold having
90% microporosity is a carbon scaffold where 90% of the total pore volume of the
carbon scaffold is formed by micropores.

According to Table 2, the silicon~—carbon compeosite may comprise
combinations of various properties. For example, the silicon-carbon composite mpy
comprise g Z less than 10, surface area less than 100 m2/g, a firsi eyele efficiency
greater than 80%; a reversible capacity of at least 1600 mAlyg, a silicon content of
15%—85%, a carbon scaffold totoal pore volume 0f 0.2-1.2 cm¥/g wherein the scaffold
pore vohume comprises »>80% micropores, <20% mesopores, and <10% macropores.
For example, the silicon—carbon composite may comprise a Z less than 10, surface area
less than 20 m2/g, a first cycle efficiency greater than 85%, and a reversible capacity of
at least 1600 mAlfp, a silicon content of 15%-85%, a carbon scaffold totoal pore
vohune of 0.2-1.2 cm3/g wherewn the scaffold pore vohane cowaprises »80%
micropores, <20% masopores, and <10% macropores. For example, the silicon—carbon
composie may comprise a Z less than 10, surface avea less than 10 mdig, a first cycle
efficiency greater than 85%, and a reversible capacity of at least 1600 mAl/g, a silicon
content of 13%~B5%, a carbon scalfold totoal pore volume of 0.2-1.2 cm3/g wherein
the scaffold pore volume comprises »80% micropores, <20% mesopores, and <10%
macropores, For example, the sihicon—carbon-composite may comprise a 7 less than
10, surface avea less than 100m27g, a first eyele efficiency greater than 90%, and &
reversible capacity of at least 1600 mAb/g, a silicon content of 15%:-85%, a carbon
scaffold totoal pore volume of 0.2-1.2 cm3/g wherein the scaffold pore volume
comprises >80% micropores, <20% mesopores, and <10% macropores. For example,
the silicon—carbon composite may comprise a Z less thaa 10, surface area less than 10
mfy, a first evele efficiency greater than 90%, and a reversible capacity of at least
1800 mAh/y, a silicon content of 1596-85%, a carbon scatfold totoal pore volume of
0.2-1.2 em3/g wherein the scaffold pore volune comprises »80% micropores, <20%
mesopores, and <<10% macropores.

Also according to Table 2, the silicon—carbon composite may comprise a carbon
scaffold with »80% microporss, stlicon content of 30-60%, average Coulombis
effictency of >0.9969, and Z<10. For example, the silicon—carbon composite may
comprise & carbon scaffold with >80% micropores, silicon content of 30-60%, average
Coulombic efficiency of »0.9970, and Z<10. For example, the stlicon-carbon
composite may comprise a carbon scaffold with >80% micropores, silicon content of
30-60%, average Coulorabic efficiency of 209975 and Z<10. For example, the

o

silicon—carbon composite may comprise a carbon scaffold with >80% micropores,
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silicon content of 30-60%, average Coulombic efficiency of »0.9980, and Z<10. For
example, the silicon—carbon composite may comprise a carbon scaffold with >80%
micrapores, silicon content of 30-60%, average Coulombic efficiency of 20,9985, and
Z<10. For example, the silicon—carbon composite may comprise a carbon scaffold with
>80% micropores, silicon content of 30-60%, average Coulombic efficiency of
>0.9990, and Z<10. For example, the silicon-carbon composite may comprise a carbon
scattold with ~80% micropores, silicon contant of 30-60%, average Coulombic
efficiency of >0.9993 and Z<110. For example, the sihcon—carbon composite may
comprise a carbon scatfold with >80% micropores, silicon content of 30-60%, average
Coulombic efficiency of 20,9978, and Z<10. For example, the silicon-carbon
composite may comprise a carbon scaffold with »80% micropores, silicon content of
30-60%, average Conlombic efficiency of »0.9999, and Z<140,

Without being boundd by theory, the filling of silicon within the poves of the
porous carbon traps porosity within the porous carbon scaffbld particle, resulting in
inaccessible volume, for example volume that is inaccessible to atrogen gas.
Accordingly, the silcon-carbon composite material may exhibit a pyenometry density of
less than 2.1 wiom3, for example Jess than 2.0 gfomd, for example Jess than 1.9 giem3,

for example less than 1.8 gfem3, for example less than 1.7 gfem3, for example less than

¢

1.6 gfem3, for example less than 1.4 ¢fem3, for example less than 1.2 gfom3, for
example less than 1.0 gfen.

In some embodiments, the silcon-carbon composite material may exhibit a
pyenometry density between 1.7 gom3 and 2.1 gfem3, for example between 1.7 g.om3
and 1.8 gfom3, between 1.8 gom3 and 1.9 pfom3, for example between 1.9 gom3 and
2.0 gfem3, for example between 2.0 gom3 and 2.1 gfem3, In some embodiments, the
silcon-carbon composite material may exhibit a pycnometry density between 1.8 gem3
and 2.1 gfem3. In some embodiments, the stlcon-carbon composite material may exhibit
a pyenometey density between 1.8 gemd and 2.0 gfom3. In some embodiments, the
silcon-carbon composite material may exhibit a pycuometry density between 1.9 gomd
and 2.1 gfom3.

The pore volume of the composite material exhibiting extremely durable
intercalation of lithivim can range between 0.01 con3/g and 0.2 em3/g. In certain
embodiments, the pore volume of the composite material can range between 0.01 cmd/g
and (115 em3/g, for example between 0.01 em3/g and 0.1 emdig, for example between
.01 cmdig and 0.05 cmiy

The particle size distribotion of the composite material exhubiting extremely
durable mntercalation of Hthinm is important to both determine power performance as
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well as volumetric capacity. As the packing tmproves, the volumetric capacity may
increase. In one embodiment the distributions are either Gaussian with a single peak in
shape, bimodal, or polvmodal (~2 distinct peaks, for example trimodal). The properties
of particle size of the composite can be deseribed by the DO (smallest particle in the
distribution), Dv30 (average particle size) and Dv 00 (maximun size of the largest
particle). The optimal combined of particle packing and performance will be some
combination of the size ranges below. The particle size reduction in the such
embodiments can be carried out as knows in the art, for example by jet milling in the
presence of various gases including air, nitvogen, argon, helium, supercritical steamy,
and other gases known in the art.

In ong embodiment the DvO0 of the composite material can range from 1 nmto 5
nucrons. In another embodiment the DvO of the compostie ranges from Samto |
micron, for example 5-500 nm, for example 5-100 nm, for example 10-80 am. In
anothet embodiment the Dv0 of the composite ranges from 500 nm to 2 microns, or 750
am o 1 um, or -3 gm. In other embodiments, the Dvl of the composite ranges from 2-
Sam, or > 5 um.

In one embodiment the Dvl of the composite material can range from 1 amto 3
avicrons. In another embodiment the Dvl of the composite ranges from 5 nm to |
micron, for example for example 5-500 nm, for example 5100 nm, for example 10-30
. In another embodiment the Dvl of the composite ranges from 100 nmto 10
microns, 200 ant to S microns, 300 mm 1o 2 microns, or 730 am to 1w, or 1-2 um.
microns to 2 microns. In other embodiments, the Dyl of the composite ranges from 2-5
wm, or > 5 wm,

In one embodiment the Dv10 of the composite material can range from § nm to
10 microns. In another embodiment the Dv10 of the composite ranges from Somto |
micron, for example for example 5-300 am, for example 5-100 nm, for example 10-50
nn, In another embodiment the Dvi0 of the composite ranges from 100 am to 10
nucrons, 300 nm to 10 microns, 5300 nm to 5 microns, or 750 am o I um, or 1-2 um. In
other embodivents, the Dv10 of the composite ranges frora 2-3 om, or > § um.

In some embodiments the DVS0 of the composite material ranges from S anx to
20 um. In other embodiments the Dv30 of the composite ranges from S nmto 1 wm, for
example 5-300 am, for example 5-100 nm, for example 10-50 nm. In another
embodiment the Dv30 of the composite ranges from 300 nim to 2 um, 750 ameto Lam,
1-2 uny. In still another embodiments, the Dv30 of the composite ranges from § to 1000
wm, for example from 1-100 um, for example from 1-10 wm, for example 2-20 am, for
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example 3-15 um, for example 4-8 um. Incertain embodiments, the Dv50 is >20 um, for
example >30 um, for example >100 um.

The span (DvIOH{DVON-DVI0Y, wherein Dyvi0, Dv30 and DvO0 represent the
particle size at 109, 50%, and 90% of the volume distribution, can be varied from
example from 1000 10, from 10 10 3, from 5 10 2, from 2 to 1] in some embodinments
the span can be less than 1. In certain embodiments, the composite comprising carbon
andd porous silicon material particle size distribution can be multimodal, for example,
bimodal, or trimodal.

The surface functionality of the presently disclosed the composite material
exhibiting extremely durable intercalation of lithium may be altered to obtain the
desired electrocheamical properties. One property which can be predictive of surface
functionality is the pH of the composite materials. The presently disclosed composite
materials comprise pH valoes ranging from less than 1 to about 14, for example less
than 5, from 5 10 8 or greater than 8. In some embodiments, the pH of the composite
materials 1s less than 4, less than 3, less than 2 or even less than 1. In other
embodiments, the pH of the composite materials i3 between about § and 6, between
about 6 and 7, between about 7 and 8 or between 8 and 9 or between 9 and 10, In still
other embodiments, the pH is high and the pH of the composite materials ranges is

greater than 8, greater than 9, greater than 10, greater than 11, greater than 12, or even

greater than 13,

The sihcon-carbon composite material may comprise varying amoants of
carbon, oxygen, hydrogen amd nitrogen as measured by gas chromatography CHNOQ
analysis. In one embodiment, the carbon content of the composite i greater than 98
wi.%% or-even greater than 99.9 wis as measured by CHNQ analysis. In another
embodiment, the carbon content of the silicon-carbon composite ranges from about 10-
90%, for example 20-80%, for example 30-70%, for example 40-60%.

In some embodiments, silicon-carbon cornposite material comprises a nitrogen
content ranging from 0-90%, example 0.1-1%, for example 1-3%, for example 1-53%,
for example 1-10%, for example 10-20%, for example 20-30%, for example 30-90%.

In some embodiments, the oxvigen content ranges from 0-90%, example 0.1-1%,
for example 1-3%, for example 1-5%, for example 1-10%, for example 10-20%, for
example 20-30%, for example 30-90%.

The silicon-carbon composite material may also incorporate an electrochemical
madifier selected to optimize the electrochemical performance of the nop-modified
composite. The electrochemical madifier may be incorporated within the pore structare
and/or on the surface of the porous carbon scaffeld, within the embedded silicon, or
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within the final layer of carbon, or conductive polymer, coating, or incorporated in any
numiber of other ways, Forexample, in some embodiments, the composite niaterials
comprise a coating of the electrochemical modifier (e.g., stlicon or Ah{:) on the
surface of the carbon materials. In some embodiments, the composite materials
comprise greater than about 100 ppm of an electrochemical modifier. In certamn
embodiments, the electrochemical modifier is selected from iron, tin, silicon, nickel,
alwminum and manganese.

In certain embodiments the electrochemical modifier comprises an element with
the ability to lithiate from 3 to 0 'V versus lithium metal (e.g. sthicon, tin, sulfig). In
other embodiments, the electrochemical modifier comprises metal oxides with the
ability to lithiate from 3 to 0 V versus lithium metal (e.g. iron oxide, molybdenum
oxide, ttanium oxide), In still other embodiments, the electrochermical modifier
comprises elements which do not lithiate from 3 t0 0V versus lithiom wetal {e.g.
aluminum, manganese, nickel, metal-phosphates). In vet other embodiments, the
electrochemical modifier comprises a von-metal element (e.g. fuorine, nitrogen,
hvdrogen, boron, phosphorps). 1u stilb other embodiments, the electrochenmical modifier
comprises any of the foregoing electrochemical modifiers or any combination thereof
{e.g. ta-silicon, nickel-titanium oxide).

The electrochemical modifier may be provided in any number of forms. For
example, in some embodiments the electrochemical modifier comprises a salt. i other
embodiments, the electrochemical modifier comprises one or more elements in
elemental form, for example slemental ivon, tin, stlicon, nicke! or manganese. In other
emrbodiments, the electrochemical modifier comprises one or more clements in oxidized
form, for example tron oxides, tin oxides, sthicon oxides, mickel oxides, alaminum
axides or manganese oxides.

The electrochemical propetties of the composite material can be modifiad, at
teast in part, by the amount of the electrocherical modifier in the material, wherein the
electrochemical modifier is an alloving matevial such as stlicoy, tin, indivm, aluminum,
germanium, galliom. Accordingly, in some embodiments, the composite material
comprises at feast 0.10%, at least 0.25%, at least 0.50%, at least 1.0%, avleast 5.0%, at
feast 10%, at least 25%, at least 30%, at least 75%, at least 90%, at least 95%, at least
9% or at least 99.5% of the electrochemical modifier.

The particle size of the composite material may expand upon lithiation as
compared to the non-lithiated state.  For example, the expansion factor, defined as ratio
of the average particle size of particles of composite matenal comprising a porous
silicon material upon Lithiation divided by the average particle size under non-lithiated
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conditions. As described in the art, this expansion factor can be relatively large for
previcouslty known, non-optinal silicon~containing materials, for example about 4X
{corresponding to a 400% volume expansion upon lithiation). The current nventors
have discovered conmposite materials comprising a porous silicon material that can
exhibit & lower extent of expansion, for example, the expausion factor can vary from
35104, fom 30035, fom 2350030, Fom 20810 2.5, from 1.5 2.0, from 100
1.5,

It 18 envisioned that composite materials in certain embodiments will comprise a
fraction of trapped pore volume, namely, void volume non-accessible to nitrogen gas as
probed by nitrogen gas sorption measurement. Without being bound by theory, this
trapped pore volume is tmportant in that it provides volume into which silicon can
expand upon Hithiation,

In certain embodiments, the ratio of trapped void volume to the silicon volume
comprising the composite particle is between 0.1:1 and 10:1. For example, the ratio of
trapped void volune 1o the sthicon volume comprising the composite particle 1s between
Pland S04, or 511 to 1001, In embodiments, the ratio of ratio trapped void volame to
the silicon volume comprising the composite particle is between 2:1 and 311, or about
3:1, in order to efficiently accommnodate the maximum extent of expansion of silicon
upon Hthiation.

In certain embodinients, the electrochemical performance of the composite
disclosed herein is tested in a half-cell; alternatively the performance of the composite
with extremelv durable iitercalation of Hithivm disclosed berein is tested in & full cell,
for example a full cell cota cell, a full coll pouch cell] a prismatic cell, or other battery
configurations known i the art. The anode composition comprising the composite with
extremely durable intercalation of lithium disclosed herein can farther comprise various
species, as known in the art. Additional formulation components include, but arg not
Hinvted to, conductive additives, such as conductive carbons such as Super C45, Super
P, Ketjenblack carbons, and the like, conductive polvmers and the like, binders such as
styrene-butadiene rubber sodium carboxymethyleellulose (SBR-Na-CMUO),
polyvinylidene diffuoride (PVDF), polvimide (P}, polvacrylic acid (PAA),
polvacrylonitrile (PAN), Polvamideimide (PAID), and the like, and combinations
thereof In certain embodiments, the binder can comprise a lithiun ion as counter ion.

Other species comprising the electrode are known in the art. The % of active
material in the electrode by weight can vary, for example between 1 and 5 %, for
example between 5 and 15%, for example between 15 and 25%, for example between
25 and 35%, for example between 33 and 45%, for example between 45 and 55%, for
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example between 55 and 65%, for example between 65 and 75%, for example between
75 and 85%, for example between 85 and 95%. In some embodiments, the active
material comprises between &0 and 95%: of the electrode. In certain embodiment, the
ammount of condactive additive 1n the electrode can vary, for example between 1 and
3%, between 5 and 15%, for example between 15 and 25%, for example between 23
and 33%. Insome embodiments, the amount of conductive additive in the electrode 38
between 5 and 25%. In certain embodiments, the amount of binder can vary, for
example between | and 5%, between 5 and 15%, for example between 15 and 25%, for
example between 235 and 353%. In certain embodiments, the amount of conductive
additive In the electrode is between 3 and 25%.

The silicon-carbon composite material may be prelithiated, as known in the art.
In certain embodiments, the prelithiation is achieved electrochamically, for example in
a half cell, prior to assembling the lithtated anode comprising the porous stlicon
material into a full cell Hithium fon battery. In certain embodiments, prelithiation is
accomplished by doping the cathode with a lithivn-comtaining compound, for example
a lithium containing salt. Examples of suitable lithium salts in this context inclode, but
are not limited to, dilithiom tetrabromontckelate{th), dilsthiven tetrachlorocupratef 1},
Hithium azide, lithivm benzoate, ithium bromide, lithiten carbonate, Hthiwm chloride,
Hithiwn evelohexanebutyrate, Tithium fluoride; lithivm formate, Hthium
hexafhuoroarsenate( V), Hthium hexafluorophosphate, Hthiwn hydroxide, Hthuam todate,
fithhan todide, hithinm metaborate, lithium perchlorate, ithiom phosphate, bthiom
sutfate, Hthinm tetraborate, lithium tetachloroaluminate, lthium tetralluoroborate,
fithtum thiocvanate, Hthiwn wifluoromethanesulfonate, Hthiom
trifluoromethanesuifonate, and combinations thereof.

The anode comprising the silicon-carbon composite material can be paired with
various cathode materials to result in a full cell lithium fon battery. Examples of
suitable cathode materials are known in the ant. Examiples of such cathode matetials
include, but are not Himited to LiCoO: (LOO), LiNiosConisAloossOy (NCA},
LiNtaConsMnis0: (NMO), LidMnaQy and variants {LMO), and LiFePOs (LFP).

For the full cell lithium fon battery comprising an anode further comprising the
silicon-carbon composite material, pairing of cathode to anode can be vanied. For
example, the ratio of cathode-to-anode capacity can vary from 0.7 to 1.3, In certain
embodiments, the ratio of cathode-to-anode capacity can vary from .7 to 1.0, for
example from 0.8 to 1.0, for example from 0.85 1o 1.0, for example from 0.9 to 1.0, for
example from 095t 1.0, In other embodiments, the ratio of cathodesto-anode capacity
can vary from 1.0 to 1.3, for example from 1.0 10 1.2, for example from 1.0 1o 115, for

a2
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example from 1.0 to 1.1, for example from 1.0 to 1.05. In vet other embodiments, the
ratio of cathode-to-anode capacity can vary from 0.8 to 1.2, for example from 0.9 to
1.1, for example from 0.95 10 1.08.

Forthe full cell lithium fon hattery comprising an anode further comprising the
slicon~carbon composite material, the voltage window for charging and discharging
can be varied. In this regard, the voltage window can be varied as known in the art,
depending on various properties of the lithium fon battery. For instance, the choice of
cathode plays a role in the voltage window chosen, as known i the art. Examples of
voltage windows vary, for example, in terms of potential versus Li/Li+, from 20V o
3.0V, for example from 2.8 Vio 4.5V, for example from 2.5V 0 4.2V,

For the full cell lithium fon battery comprising an anode further comprising the
silicon-carbon Composite material, the steategy for conditioning the cell can be varied as
known in the art, For example, the conditioning can be accomplished by one or more
charge and discharge cycles at various rate(s), for example at rates slower than the
destred cycling rate. As known 1o the art, the conditioning process may also include a
step 1o unseal the lithiom 1on battery, evacusate any gases generated within doring the
conditioning process, followed by resealing the lithium on battery.

For the full cell Lithium ion battery comprising an anode further comprising the
stlicon-carbon composite material, the eveling rate-can be varied as known m the art,
for example, the rate can batween C/20 and 200, for example between C10 to 100, for
example between C/3 and 3C. In certaty embodinments, the oveling rate is G0, In
certain ambodiments, the cvcling rate 13 (V3. In certain embodiments, the cvehing rate
is €42, In certain embodiments, the cvching rate 1s 1C. In certain embodiments, the
cycling rate is 1C, with periodic reductions in the rate to a stower rate, for example
cycling at 1C with a (/10 rate emploved every 20 cycle. In certain embodiments, the
cyeling rate is 2C. In certain embodiments, the cycling rate is 4C. In certain
embodiments, the cycling rate s 5C. In certain embodimedits, the cyching rate is 10C,
In certain embodiments, the cycling rate is 20C.

The tirst evcle efficiency of the composite with extremely durable fntercalation
of lithinm disclosed herein be determined by comparing the Lithinm inserted into the
anode during the first evele to the ithium extracted from the anode on the first oyele,
prior prelithiation modification. When the insertion and extraction are equal, the
etficiency is 1H00%. As known in the art, the anode material can be tested in & half-cell,
where the counter electrode is lithium metal, the electrolyvie is 8 1M LiPFs 111 ethylene
carbonate:dicthyvlearbonate (EC:DEC), nsing 8 commercial polypropylene separator. In
certain embodiments, the electrolyte can comprise various additives known to provide
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improved performance, such as fluoroethylene carbonate (FEC) or other related
flucrinated carbonate compounds, or ester co-solvents such as methyvl butyrate, vinyvlene
carbonate, and other electrolyte additives known to mmprove electrochemical
performance of silicon-comprizing anode materials. In certain embodiments, the first
cyele efficiency in a balf cell can be determined over the voltage window from S mV teo
0.8V, laanother embodiment, the first cycle efficiency in a half cell can be determined
over the voltage window from 5 mV to 1.0 V. In another embodiment, the first cvele
efficiency in a half cell can be determined over the voltage window from SmV 0 1.5
V. In another embodiment, the first cycle efficiency in a half celf can be determined
over the voliage window from § mV to 2.0 V. In other embodiments, the first cycle
effiviency is determined in a full cell battery, for example over the voliage window
from 20V o453V, or 23V odsSV,or 23V o422V, or30Vie 42V,

Coulombic efficiency can be averaged, for example averaged over eveles 7 o
cvele 25 when tested in a half cell. Coulombic efficiency can be averaged, for example
averaged over cycles 7 to oyvele 20 when tested 1o a half cell. I certain embodiments,
the average efficiency of the composite with extremely durable intercalation of Hthium
iy greater than 0.9, or 90%:.  In certain embodiments, the average efficiency is greater
than 0.95, or 953%. In certain other embodiments, the averge efficiency 18 0.99 or
greater, for example 0.991 or greater, for example 0.992 or greater, for example 0.993
or greater, for example 0.994 or greater, for example 0.995 or greater, for example
(1,996 or greater, for example 0.997 or greater, for example $.998 or greater, for
example 0.999 oy greater, tor example 0.9991 or greater, for example 0.9992 or greater,
for example 0.9993 or greater, for exanyple 0.9994 or greater, for example 0.9995 or
greater, for example 0.9996 or greater, for examyple 0.9997 or greater, for example
0.9998 or greater, for example 0.9999 or greater.

In still other embodiments the present disclosure provides a composite material
exhibiting extremely durable intercalation of Hthium, wherein when the composite
material is incorporated into an electrode of a lithinm-based energy storage device the
composite material has a volometric capacity at least 10% greater than when the lithinm
based gnergy storage device comprises g graphite electrode. In some embodiments, the
Hithium based energy storage device is g lithiwm fon battery.  In other embodiments, the
composite material has a volumetric capacity 1n a lithium-based energy storage device
that is at least 3% greater, at least 10% greater, at least 15% greater than the volumetric
capacity of the same electrical energy storage device having a graphite electrode. In
still other embodiments, the composite material has a volumetric capacity in a hthiom
based energy storage device that is at least 20% greater, at least 30% greater, at least
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40% greater, at least 50% greater, at least 200% greater, at least 100% greater, at least
150% greater, or at least 200% greater than the volumetric capacity of the same
electrical energy storage device having a graphite electrode.

The compostte material may be prelithiated, as known i the art. These lithium
atoms may or may not be able 1o be separated from the carbon. The number of lithwum
atoms to 6 carbon atoms can be calculated by technigues known to those familiar with

the art:
FHa=Qx36x MM/ {C%xF)

wherein Q is the lithium extraction capacity measured in mAb/g between the
voltages of SmV and 2.0V versus lithtam metal, MM 1572 or the molecular mass of 6
carbous, F 15 Faraday's constant of 96500, C% is the mass percent carbon present o the
structure as measured by CHNO or XPS,

The composite material can be characterized by the ratio of {ithiwm atorms to
carbon atoms (LECY which may vary between about 0.6 and 2:6. In some embodiments
the Li:C ratio i3 between about 0.05:6 and about 1.9:6. In other embodiments the
maximum LUC ratio whergin the lithium is in jonic and not metallic form is 2.2:6. In
certain other embodiments, the LizC ratio manges from about 1.2:6 to sbout 2:6, from
about 1.3:6 to about 1.9:6, from about 1.4:6 to about 1.9:6, from about 1.6:8 to about
1.8:6 or from about 1.7:6 to about 1.8:6. In other embodiments, the Li:C ratio is greater

than 1:0, greatey than 1.2:6, greater than 1.4:0, greater than 1.6:6 or even greater than

1.8:6. In even other embodiments, the LT ratio 1s about 1.4:6, about 1.5:6, about
1.6:6, about 1.6:6, about 1.7:6, about 1.8:6 or gbout 2:6. Ina specific embodiment the
La:C ratio i5 about 1.78:6.

In certain other embodiments, the composite material comprises an LiC ratio
ranging from about 1,6 to ghout 2.5:6, from abont 1.4:6 to about 2.2:6 or from ghout
1.4:6 to about 2:4. In still otherewbodiments, the cotposite materials may not
necessarily iclode Tithium, but instead have a lithiwn vpiake capacily (i, the
capability to uptake a certain guantity of ithivm, for example upon cyveling the material
between two voltage conditions {in the case of a lithivm ion half cell, an exemplary
voltage window lies between 0 and 3V, for example between 0.005 and 2.7 'V, for
example between 0.005 and 1 V| for example between (L0035 and 0.8 V). While not
wishing to be bound by theory, it is believed the lithium uptake capacity of the
composite materials contributes to their superior performance in Hthiwn based energy
storage devices. The lithium uptake capacity is expressed as a ratio of the atoms of
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lithium taken up by the composite. In certain other embodiments, the composite
material exhibiting extremely durable intercalation of hithium comprise a Hthium uptake
capacity ranging from about 1:6 to about 2.5:6, from about 1.4:6 to about 2.2:6 or from
abaut 1.9:6 to about 2:6,

In certain other embodiments, the Hthium uptake capacity ranges from about
1.2:6 to about 2:6, from about 1.3:6 to about 1.9:6, from about 1.4:6 to about 1.9:6,
from about 1.6:6 0 about 1.8:6 or from about 1.7:6 fo about 1.8:6. In other
embodiments, the lithuan uptake capaciiv s greater than 16, greater than 1.2:6, greater
than 1.4:6, greater than 1.6:6 or even greater than 1.8:6, In even other embodiments,
the Li:C ratio is about 1.4:6, about 1.5:6, about 1.6:6, about 1.6:6, about 1.7:6, about
1.8:0 or about 2:6. In a specific embodiment the Li:C ratio is about 1.78:6.

EXAMPLES

Example 1. Production of silicon-carbon compsite matevial by CVL The properties
of the carbon scaffold {Carbon Scaffold 1} employed for prodacing the silicon-carbon
compsite is presented in Table 3. Emploving Carbon Scaffold 1, the sthicon-carbon
composite (Stlicon-Carbon Composite 1) was produced by CVIE as follows. A mass of
0.2 grams of amorphons porous carbon was placed into a 21 x 2 in. cevamic cructble
then positioned tn the center of a horizontal tube farnace. The flurnace was sealed and
continupusly purged with nitrogen gas at 300 cubic centimeters per munute (com). The
furnace teroperatare was increased at 20 °Cvain 1o 450 °C peak temperatore where it
was allowed to equilibrate for 30 minutes. Atthis point, the nitrogen gas 15 shutoft and
then sifane and hydrogen gas are inirodaced at flow rates of 50 com and 430 com,
respectively for a total dwell time of 30 minutes. After the dwell period, silane and
bydrogen were shutoff and nitrogen was again introduced to the furnace to purge the
internal atmosphere. Sinngdtaneonsty the furnace beat is shutoff and allowed 1o covlto
ambient temperatare. The completed Si-C material is subsequently removed from the

furnace.

Table 3. Description of carbon scaffold employed for Example 1.

Carbon Surface Pore % % %

Scaffold Area Volume Micro- Meso- Macro-
# {m2/g) {cm3/g) pores pores pores
1 1710 0.762 93.1 6.8 0.1

iad
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Example 2. Analysis of various silicon-composite materials. A variety of carbon
scaffold materials were emploved. and the carbon scaffold materials were characterized
by nitrogen sorption pas analysis to determine specific surface area, total pore volume,
and fraction of pore volume comprising micropoies, mesopores, and macropores, The
characterization data for the carbon scaffold materials is presented in Table 4, namely
the data for carbon scaffold surface area, pore volume, and pore volume distribution (%

micropores, % mesopores, and ¥ macropores), all as determined by nitrogen somption

anglysis.
Table 4. Properties of various carbon scaffold materials.
Carbon Surface Pore Yo Yo Y
Scaffold Area Volume Micro- Meso- Macro-
# (m2/g) {cm3/g) pores pores pores
1 1710 0.762 931 6.8 0.1
2 1744 0.72 97.2 2.7 0.1
3 1581 0.832 69.1 30.9 0.1
4 1710 0.817 80.1 19.9
5 1835 0.9 82.2 17.8
6 1475 1.06 52.4 47.6
7 453 0.5 39 91.1 5.1
8 787 2.284 59.1 40.9
9 1713 0.76 91 9 0

The carbons seaffold sample as described in Table 4 were emploved to produce
a variety of silicon-carbon composite materials employing the OV methodology ina
static bed configuration as generally described in Example 1. These silicon-carbon
samples were produced employing a range of process conditions: silane concentration
1.25% to 100%, diluent gas nitrogen or hydrogen, carbon scaffold starting mass 0.2 g to
700 g,

The surface area for the silicon-carbon compsoites was detetmned. The silicon-
carbon composites were also analyzed by TGA to determing silicon content and the Z.
Silicon-carbon composite materials were also tested in half-cell coin cells. The anode
for the half-cell coin cell can comprise 60-90% silicon-carbon composite, 5-20% Na-
CMC (as binder) and 3-20% Super 45 {as conductivity enbancer), and the electrolvie
can comprise 2.1 ethylene carbonate:digthylene carbonate, | M LiPF6 and 10%
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fluoroethvlene carbonate. The half-cell coin cells can be cycled at 25 °C at a rate of C/5
for 5 cycles and then cycled thereafter at C/10 rate. The voliage can be cycled between
0V and 6.8 V, alternatively, the voltage can be cveled between 0 Vand 1.3 V. From
the half-cell coin cell datg, the maimumn capacity can be measured, a5 well as the
average Coulombic efficiencty (CE) over the range of ¢ycles from oycle 7 to evele 20,
Physicochemical and electrochenical properties for various silicon-carbon composite

materials are presented in Table &,

Table & Propenites of vanous silicon-cgrbon composite materials.

Silicon- Carbon | Surface Si Z Max Average
Carbon | Scaffold Area content Capacity CE

Composite # {(m2/g) (%) (mAh/g) (7-20)
#

1 1 7 45.0 0.2 1433 0.9981

2 i 7 45.4 0.6 1545 0.9980

3 1 6 45.8 0.6 1510 0.9975

4 2 3.06 50.1 1.0 1665 0.9969

5 2 1.96 51.3 2.0 1662 0.9974

6 3 140 43.1 3.2 832 0.9941

7 2 1.61 48.7 28 1574 0.9977

8 2 2 48.5 3.0 1543 0.9972

9 1 8 46.3 0.2 1373 0.9976

10 4 44 51.2 6.2 1614 0.9975

11 5 94 48.9 6.2 1455 0.9969

12 6 61 52.1 10.6 2011 0.9869

13 7 68.5 34.6 17.2 1006 0.9909

14 8 20 74 33.5 2463 0.9717

15 8 149 57.7 34.5 1892 0.9766

16 8 61.7 68.9 38.7 2213 0.9757

17 9 11 46.1 0.8 1675 0.9990

18 9 11 46.7 2.0 1739 0.9985

19 9 15.1 46.8 1.7 1503 0.9908

20 9 4.1 47.9 4.2 1790 0.9953

21 9 5 48.1 4.6 1861 0.9962
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A plot of the average Coulombic efficiency as a function of the Z is presented in Figure
1. As can seen there was dramatic increase in the average Coulombic efficiency for
silicon-carbon samples with low Z. In particular, all silicon-carbon samples with Z
helow 10.0 exhibited average Couvlombic efficiency 20.9941, and all silicon-carbon
samples with £ above 10 (Silicon-Carbon Coniposite Sample 12 through Silicon-
Carbon Composite Sample 18} were observed to have average Coulombic efficiency
S0.9909, Without being bound by theory, higher Coulombic efficiency for the silicon-
carbon samples with Z <10 provides for supenor cvehing stability 1 fall cell ithium ion
hatteries. Further mspection of Table reveals the surprising and unexpected finding that
the combination of silicon-carbon composite samples with Z <10 and also comprising
carbon scaffold comprising >70 microporosity provides for average Coulombic
=0.995Q,

efficiency

Therefore, in a preferered embodiment, the siicon-carbon comaposite matertal
comprises a £ less than 10, for example less Z less than 5, for example less Z less than
3, for exaruple loss Z less than 2, for example less Z less than 1, for example less Z less
than 0.5, for example less Z less than 0.1, or Z of zero,

In certain preferred embodiments, the silicon-carbon composite matertal
comprises a Z less than 10 and a carbon scaffold with >70% microporosity, for example
Z tess than 10 and >R0% mucroporosity, for example £ less than 10 and »90%
nucroporosity, for example Z less than 10 and »93% microporosity, for example Z less
than S and >70% microporosity, for example 7 less than § and >80% microporosity, for
example Z less than § and >90% microporosity, for example Z less than 5 and »95%
nucroporosity, for example Z less than 3 and »70% microporosity, for example Z less
than 3 and >80% microporosity, for example Z less than 3 and »90% microporosity, for
example Z less than 3 and »>93% microporosity, for example Z less than 2 and »70%
microporosity, for example Z less than 2 and >80% microporosity, for example Z less
than 2 and >90% microporosity, for example Z less than 2 and >95% microporosity, for
example Z less than 1 and »70% microporosity, for example £ less than 1 and »80%
microporosity, for example 7 less than 1 and >90% microporosity, for example 7 less
than I and >25% microporosity, for example Z less than 0.5 and »70% microporosity,
for example Z less than 0.5 and »80% microporosity, for example Z less than 0.5 and
>90% microporosity, for example Z less than 0.5 and >95% nucroporosity, for example
Z less than 0.1 and »70% microporosity, for example Z less than 0.1 and >30%
microporosity, for example 2 less than 0.1 and >90% microporosity, for example Z less
than 0.1 and >95% microporosity, for example Z of zero and >70% microporosity, for

40
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example Z of zero. and >80% microporosity, for example Z of zero and >90%
niicroporesity, for example Z of zevo and »95% microporosity.

In certain preferred embodiments, the silicon-carbon composite matertal
comprises a 7 less than 10 and a carbon scaffold with >70% microporosity, and
wherein the silicon-carbon composite also comprises 13%-85% silicon, and surface
area less than 100 m2/g, for example Z less than 10 and >70% microporosity, and
wherein the silicon-carbon composite also comprises 15%6-85% silicon, and surfage
ared less than 50 m2/g, for example Z less than 10 and >70% microporosity, and
wherein the stlicon-carbon composite also comprises 15%6-85% silicon, and surface
area less than 30 m2/g, for example Z less than 10 and »70% microporosity, and
wherein the silicon-carbon composite also comprises 15%-853% silicon, and surface
area less than 10 m2/g, for example 7 less than 10 and >70% microporosity, and
wherein the siicon-carbon composite also comprises 15%-85% silicon, and surface
ares less than 5 mZ/y, for example 7 less than 10 and »80% microporosity, and wherein
the siticon-carbon composite also comprises 15%-85% silicon, and surface arvea less
than 50 m2/g, for example Z less than 10 and >80% microporosity, and wherein the
stlicon-carbon composite also comprises 15%-85% silicon, and surface area less than
30 m2ig, forexample Z less than 10 and »80% microporosity, and wherein the silicon-
carbon composite also comprises 15%-85% silicon, and sorface area less than 10 m2/g,
for example Z less than 10 and »80% nucroporosity, and wherein the stlicon~carbon
composite also comprises 15%-85% silicon, and surface avea less than S m2/g, for
example Z less than 10 and »>90% microporosity, and wherein the silicon-carbon
composite also comprises 15%-85% silicon, and surface area less than 50 m2/g, for
example 7 less than 10 and >90% microporosity, and wherein the siticon-carbon
composiie also comprises 15%-~83% silicon, and susrface area less than 30 m2/g, for
example Z less than 10 and >90% microporosity, and wherein the silicon-carbon
composite also comprises 15%-85% silicon, and surface area less than 10 m2/g, for
example £ less than 10 and >90% microporosity, and wherein the silicon-carbon
composite also comprises 15%-85% silicon, and surface area less than 8 m2/g, for
example Z less than 10 and >95% microporosity, and wherein the silicon-carbon
composite also comprises 15%-85% silicon, and surface ares less than 530 m2/g, for
example 7 less than 10 and >85% microporosity, and wherein the siticon-carbon
compostie alse comprises 15%-85% silicon, and surface area less than 30 m2/g, for
example Z less than 10 and »95% microporosity, and wherein the silicon-carbon
composite also comprises 15%-85% silicon, and surface area fess than 10 m2/g, for
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example Z less than 10 and >95% microporosity, and wherein the silicon-carbon
composite also comprises 15%-85% silicon, and surface area less than § m2/g.

In certain preferred embodiments, the silicon-carbon composite matertal
comprises a 7 less than 10 and a carbon scaffold with >70% microporosity, and
wherein the silicon-carbon composite also comprises 30%-60% silicon, and surface
area less than 100 m2/g, for example Z less than 10 and >70% microporosity, and
wherein the silicon-carbon composite also comprises 30%-60% silicon, and surfage
ared less than 50 m2/g, for example Z less than 10 and >70% microporosity, and
wherein the t;ihcon—carbon conmposie also comprises 30%-60% silicon, and sarface
area less than 30 m2/g, for example Z less than 10 and »70% microporosity, and
wherein the silicon-carbon composite also comprises 30%-060% silicon, and surface
area less than 10 m2/g, for example 7 less than 10 and >70% microporosity, and
wherein the siicon-carbon composite also comprises 30%-60% silicon, and surface
ares less than 5 mZ/y, for example 7 less than 10 and »80% microporosity, and wherein
the siticon-carbon composite also comprises 30%-60% silicon, and surface area less
than 50 m2/g, for example Z less than 10 and >80% microporosity, and wherein the
stlicon-carbon composite also comprises 30%-60% silicon, and surface area less than
30 m2ig, forexample Z less than 10 and »80% microporosity, and wherein the silicon-
carbon composite also comprises 30%-60% silicon, and sorface area less than 10 m2/g,
for example Z less than 10 and »80% nucroporosity, and wherein the stlicon~carbon

composite also comprises 30%-60% silicon, and surface avea less than S m2/g, for
example Z less than 10 and »>90% microporosity, and wherein the silicon-carbon
composite also comprises 30%-60% silicon, and surface area less than 50 m2/g, for
example 7 less than 10 and >90% microporosity, and wherein the siticon-carbon
composite also comprises 30%-60% silicon, and susrface area less than 30 m2/g, for
example Z less than 10 and >90% microporosity, and wherein the silicon-carbon
composite also comprises 30%-60% silicon, and surface area less than 10 m2/g, for
example £ less than 10 and >90% microporosity, and wherein the silicon-carbon
composite also comprises 30%-60% silicon, and surface area less than 8 m2/g, for
example Z less than 10 and >95% microporosity, and wherein the silicon-carbon
composite also comprises 30%-60% silicon, and surface ares less than 530 m2/g, for
example 7 less than 10 and >95% microporosity, and wherein the siticon-carbon
compostie alse comprises 30%-60% siticon, and surface area less than 30 m2/g, for
example Z less than 10 and »95% microporosity, and wherein the silicon-carbon
composite also comprises 30%-60% siticon, and surface area fess than 10 m2/g, for
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example Z less than 10 and >95% microporosity, and wherein the silicon-carbon
composite also comprises 30%-60% silicon, and surface area less than § m2/g.

In certain preferred embodiments, the silicon-carbon composite matertal
corprises a Z less than 10 and 4 carbon scaffold with »R0% microporosity, and
wherein the silicon-carbon composite also comprises 30%-60% silicon, surface area
fess than 30 m2/g, and average Conlombic efficiency >0.9969. For example, the silicon-
carbon composite material comprises a Z less than 10 anda carbon scaffold with »80%
microporosity, and wherein the silicon-carbon composite also comprises 30%-60%
silicon, sucthace area less than 30 m2/g, and average Coulombic efficiency 20,9970, For
example, the silicon-carbon composite material comprises a Z less than 10 and a carbon
scaffold with »80% micreporosity, and wherein the silicon-carbon composite alse
comprises 30%5-60% silicon, surface area loss than 30 mfg, and average Coulombic
efficiency 20.9975. For example, the silicon-carbon composite materigl comprises a Z
fess than 10 and a carbon scaffold with »80% microporosity, and wherein the silicon-
carbon composite also comprises 30%-60% stlicon, surface area less than 30 m2ig, and
average Coulombic efficiency >0.9980. For example, the silicon-carbon composite
material comprises a Z less than 10 and a carbon scaffold with >80% microporosity,
and wherein the silicon-carbon composite also comprises 30%-60% silicon, surface
area less than 30 m2/g, and average Conlombic efficiency »0.9985. For example, the
silicon-carbon composite material comprises a 2 less than 10 and a carbon scaffold with

%

»&0% nicroporosity, and wherein the silicon-carbon compostie also comprises 30
60% silicon, surface area less than 30 m2/g, and average Coulombic efficiency
2(.9990. For example, the silicon-carbon composite material comprises a Z less than 10
and a carbon scaffold with >80% mucroporosity, and wherein the silicon-carbon
composiie also comprises 30%-~60% silicon, surface area fess than 30 m2/g, and average
Coulombic efficiency »0.9995, For example, the siicon-carbon composite material
comprises & Z less than 10 and a carbon scaffold with »80% microporosity, and
wherein the silicon-carbon composile also comprises 30%-60% silicon, surface area

tess than 30 m2/g, and average Coulombic efficiency »0.9999

Example 3. dV/dQ for various silicon-composite materials, Differential capacity
curve (dQ7dV va Voltage) is often ased as g non-destructive tool to understand the
phase transition as a funetion of voliage in hthium battery electrodes (M. N. Obrovac et
al. Swuctural Changes in Silicon Anodes during Lithinm Insertion /Extraction,
Electrochemical and Solid-State Letters, 7 (5) A93-A96 (2004); Ogata, K. etal.
Revealing lithium-silicide phase wansformations in nano-structured silicon-based
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lithtum ion batteries via in situ NMR spectroscopy. Nat. Commun. 5:3217). Asan
alternative methodology to plotting d/dV vs Voltage, a strategy to vield sonilar
analysis is the plot of dQQ vs V. For this example, the differential capacity plot {dQ/dV
vs Voltage} capacity plot (dQ/dV vs Voltage) is calenlated from the data obtained using
galvanostatic oveling at 0.1C rate between S mV 1o 0.8V na hall-cell cotn cell at 23
*C. Typical differential capacity corve for a silicon-based material in a halfecell v
Hthium can be found in many Hterature references {Lovertdge, M. 1 et al. Towards
High Capacity Li-lon Batteries Based on Silicon-Graphene Composite Anodes and
Sub-micron V-doped LiFePO4 Cathodes. Sct. Rep. 6, 37787, doi: 10.1038/sxep37787
(2016); M. N. Obrovac et al. Li13SidFormation in Silicon Thin Film Negative
Electrodes, Jousnal of The Electrochemical Society, 163 (2) A255-A26]1 (2016); Q Pan
et al. Traproved electrochemical performance of micro-sized SiO-based composite
anode by prelithiation of stabilized lithiom woetal powder, Journal of Power Sources 347
(2017) 170-177}. First cycle lithiation behavior is dependent on the crystallinity of the
silicon and oxygen content among other factors,

After first cycle, previous amorphops sificon materials in the art extubit two
specific phase transition peaks in the dQ/dV vs ¥V plot for lithiation, and
correspondingly two specific phase transition peaks in the dQ/dV vs V plot for
delithiation. For lithiation, one peak corresponding to Hthiume-poor Li-51 alloy phase
occurs between 8.2-0.4 V and another peak corresponding 1o a Hithinmerich Li-St alloy
phase occnrs below 015 V. For delithiation, one delithiation peak corresponding to the
extraction of lithium occurs below 0.4 V and another peak occurs between 0.4V and
0.535 V. If the Li15Si4 phase is formed during lithiation, it is delithisted at ~0. 45V and
appears as a very narow sharp peak.

Figure 2 depicts the dQ/dV ve Voltage curve for eyele 2 for the silicon-carbon
composite material corresponding to Silicon-Carbon Composite 3 from Example 1.
Silicor-Carbon Composite 3 comprises a Z of 0.6, For ease of wdentification, the plot is
divided tnto regimes I, W L IV, V, and VI Regimes 1{08 V10 04 V), H (04 V 0
(.15 V), HE(0.15 Vo 0 V) comprise the Hihiation potentials and Regimes IV (0 V to
0.4 V), V(04 Vio 0535 V), VI{0.55 ¥V to 0.8 Vi comprise the delithiation potential. As
described above, previous amorphous stlicon-based materials i the art exhibit phase-
transition peaks for two regimes (Regime H and Regime I in the lithiation potential
and two regimes {Regime IV and Regime V) in the dethiation potentials.

As can be seen in Figwre 2, the dQ/dV vs Voltage curve reveals surpsising and
unexpected result that Silicon-Carbon Composite 3, which comprises a Z of 8.6,
comprises two additional peaks in the dQ/dV vs Voltage curve, namely Regime | in the
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lithiation potential and Regime VI in the delithiation potential. All 6 peaks are are
reversible and observed in the subsequent cycles as well, as shown in Figure 3.

Without being bound by theory, such trimodal behavior for the dQ/dV vs V
curve ts novel, and likewige reflects a novel form of silicon.

Notably, the novel peaks observed in Regime | and Regime V1 are more
pronownced in certain scaffold matrixes and completely absent in others samples
lustrating the prior art {silicon-carbon composite samples with Z > 10, see explanation
and table below).

Figure 4 presents the d/dV vs V curve for Silicon-Carbon Composite 3,
wherein the novel peaks in Regime [ and Regime Vi are 'evident; in comparison to
Silicon-Carbon Composite 13, Silicon-Carbon Composite 16, and Silicon-Carbon
Composite 14, all three of which comprise Z > 10 and whose dQ/dV vs 'V curves ate
devold of the any peaks in Regime | and Regime VL

Without being bound by theory, these novel peaks observed in Regime I and
Regime Virelate to the propesties of the silicon impregaated into the porous carbon
scaffold, Le., related to the interactions between and among the properties of the porous
carbon scatffold, the silicon impregnated into the porous carbon scaffold via OV, and
Hithium. In order to provide a quantitative analysis, we herein define the parameter g,
which is calonlated as the normalized peak |with respect to peak 1H as:

@ = {Max peak height d(¥/dV in Regime 1} / {Max peak height dQ/dV v Regime 1)

where dQ/dV is measured w a half~cell cotn cell, and regime s 0.8V-0.4V and
Regime T is 0.1SV-0V, the halt-cell coin cell is produced as known i the art. the
Si-C sample shows peaks associated with graphite in regime 111 of the differential
curve, it is omitted in favor of Li-Si related phase transition peaks for the calculation of
D factor. For this example, the half-cell com cell comprises an anode comprising 60-
90% silicon-carbon composite, 5-20% SBR-Na-CMC, and 5-20% Super C458. An
example for ¢ caledation is shown in Figwre 5 for Silicon~-Carbon Composite 3. In this
instance, the masimum peak height in the regime I 15 -2.3% and is found at voltage
.53V, Similarly, maximum peak height sa regime s -9.71 at 0.04V. In this mstance,
¢ can be calculated using the above formula, vielding ¢ = -2.39/-971 = (.25 The value
of v was deternined from the halfcell coin cell data for the various silicon-carbon
composiies presented in Exanple 2. These data are summarized in Table 6. Table 6 also
includes data for the first cycle efficiency, as measured in half cell coin cells cycled
from S mVto 0.8 V.

£
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Table &. Properites of various silicon-carbon composite materials.

Silicon- | Surface Si Z Average First
Carbon Area content CE 0] Cycle
Ceomposite | (m2/g) (%) (7-20) Efficiency
#
1 7 45.0 0.2 0.9981 0.24 76.3
2 7 454 0.6 0.9980 0.24 76.8
3 6 45.8 0.6 0.9975 0.25 75.5
4 3.06 50.1 1.0 0.9969 0.18 80.9
5 1.96 51.3 2.0 0.9974 0.18 80.3
6 140 43.1 3. 0.9941 0.13 52.3
7 1.61 48.7 2.8 0.9977 0.19 79.2
8 2 48.5 3.0 0.9972 0.19 78.3
9 8 46.3 0.2 0.9976 0.20 73.3
10 44 51.2 6.2 0.9975 0.13 78.1
11 94 48.9 6.2 0.9969 0.15 72.7
12 61 521 10.6 0.9869 0 80.2
13 68.5 34.6 17.2 0.9909 0 64
14 20 74 33.5 0.9717 0 85
15 149 57.7 34.5 0.9766 0 69
16 61.7 68.9 38.7 0.9757 0 79.3
17 11 46.1 0.8 0.9990 0.35 82.2
18 11 46.7 2.0 0.9985 0.34 82.5
(92.1%)
19 151 46.8 1.7 0.9980 0.34 799
(90.3%)
20 4.1 47.9 42 0.9953 0.33 83.3
(92.6%)
21 5 48.1 4.6 0.9962 0.30 82.9
(92.2%)

These data for first cycle effiency in parenthesis were measured for voltage window of
SmV e LSV

The data in Table 6 reveal an nnexpected relationship between decreasing £ and
increasing o, All silicon~carbon composiies with Z <10 had ¢ 20.13, and al silicon-

carbon composites with Z >10 had @ <0.13, indeed, all silicon-carbon composites with
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where Z 10 had ¢ =0. This relationship is also evidenced in Figure 6. Without being
bound by theory, silicon materials comprising ©20.10, for example $20.13, for example
@=0.15, for example >0.20, for example ¢>0.23, for example @030, correspond to a
novel form of sthicon. Alternatively, silicon materials comprising >0 correspond o a
novel form of silicon. The silicon-carbon composite material comprising silicon
comprising >0 10, for example 013, for example @=0.15, for example ©>0.20, for
example 0235, for example ¢0.30, correspond to a novel silicon-carbon composite
material. Alternatively, silicon-carbon composite matertals comprising =0 corresponds
to a novel sticon-catbon composite material,

In certain embodiments, the silicon-carbon composite comprises a 201,
©>0.11, 0>0.12, 0>0.13, 9>0.14, 0>0.15, @20.16, =017, ¢=0.1§, p>0.19, p>0.20,
©>0.24, >0.24, ©>0.25, ¢>0.30 or 9>0.35. Im come embodiment, >0, In some
embodiments, ¢>0.001, >0.01, 0>0.02, >0.05, ¢=0.1, e=0.11, or 20,12,

In vertain embodiments, the silicon-carbon composite material comprisss a 2
less than 10 and a carbon scaffold with »70% microporosity, and wherein the silicon-
carbon composite also comprises 30%-60% silicon, and surface grea less than 100
mfg, and 901, forexample Z less than 10 and »70% microporosity, and wherein the
silicon~carbon composite also comprises 30%-60% silicon, and surface area less than
50 m27g, and @201, for example Z less than 10 and >70% microporosity, and wherein
the silicon-carbon composite also comprises 30%-60% sihicon, and surface area loss
than 30 m2/g, and @201, for example Z less than 10 and »70% microporosity, and
wherem the siicon-carbon composite alse comprises 30%-60% silicon, and surface
area less than 10 m2/g, and ¢>0.1, for example 7 less than 10 and >70% microporosity,
and wherein the silicon-carbon composite also comprises 30%6-60% silicon, and surface
area less than 5 m2/g, and ¢>0.1.

In certain embodiments, the silicon-carbon composite material comprises a Z
fess than 10 and a carbon scaffold with >70% microporoesity, and wherein the siicon-
carbon composite also comprises 40%-60% stlicon, and surface arca less than {00
m2ig, and 0.1, for example 7 tess than 10 and >70% microporosity, and wherein the
silicon-carbon composite also comprises 40%-60% silicon, and surface area fess than
S0 mig, and 9201, for example 7 less than 10 and »70% microporosity, and wherein
the sihicon-carbon compaosite also comprises 40%-60% silicon, and sorface area less

:

than 30 m2/g, and ¢x0.1, for example Z less than 10 and »70% microporosity, and

wherein the silicon-carbon composite also comprises 40%6-60% silicon, and surface
area less than 10 m2/g, and ¢>0.1, for example Z less than 10 and >70% microporosity,
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and wherein the silicon-carbon composite also comprises 40%-60% silicon, and surface
area less than § m2/g, and @201

In certain embodiments, the silican-carbon composite material comprises a 2
fess than 10 and a carbon scaffold with »70% microporosity, and wherein the silicon-
carbon composiie also comprises 30%-60% silicon, and surface area less than 100
mfg, and >0, for example 7 less than 10 and >70% microporosity, and wherein the
silicon-carbon composite also comprises 30%-60% silicon, and surface area less than
50 m2ig, and >0, for example Z less than 10 and >70% microporosity, and wherein
the stlicon-carbon composite also comprises 30%-60% silicon, and surface area fess
than 30 m2/g. and @0, for example 7 less than 10 and >70% mieroporosity, and
wherein the silicon-carbon composite also comprises 30%-060% silicon, and surface
area less than 10 m@fg, and >0, for example Z less than 10 and >70% microporosity,
and wherein the silicon-carbon composite also comprises 30%6-60% silicon, and surface
ares less than 5 m2/g, and >0,

In centain embodinents, the silicon-carbon composite material comprises a 2
less than 10 and g carbon scaffold with >70%% microporosity, and wherein the silicon-
carbon composite also comprises $0%-60% sibicon, and surface area Jess than 100
m2ig, and @0, for example Z less than 10 and >70% microporosity, and wherein the
silicon-carbon composite also comprises 40%-60% silicon, and surface area less than
S0 m2g, and @0, for cxample 7 less than 10 and >70% nueropotosity, and wherein
the silicon-carbon composite also comprises 40%-60% siticon, and surface area less
than 30 m2/g, and >0, for example Z less than 10 and »70% microporosity, and
wherein the silicon-carbon compostte also comprises 40%6-60% silicon, and surface
area less than 10 m2/g, and >0, for example Z less than 10 and >70% microporosity,
andd swherein the silicon-carbon composite also comprises 40%-60% silicon, and surface
area less than 3 m2/g, and ¢>0.

In certain embodiments, the silicon-carbon compostie material comprises a 2
less than 10 and a carbon scaffold with >80% microporosity, and wherein the silicon-
carbon composite also comprises 30%-60% silicon, and surface area less than 100
w2y, and 0.1, forexample Z less than 10 and >80% microporosity, and wherein the
silicon-carbon composite also comprises 30%-60% silicon, and surface area less than
50 m24g, and =01, for example Z less than 10 and »80% microporosity, and wherein
the silicon~carbon compesite also comprises 30%-60% silicon, and surface area less
than 30 m2/g, and >0.1, for example Z less than 10 and >80% microporosity, and
wherein the sificon-carbon composite alse comprises 30%-60% silicon, and surface
area less than 10 m27, and 20,1, for example Z less than 10 and >80% miicroporosity,
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and wherein the silicon-carbon composite also comprises 30%-60% silicon, and surface
area less than § m2/g, and @201

In certain embodiments, the silican-carbon composite material comprises a 2
fess than 10 and a carbon scaffold with »80% microporosity, and wherein the silicon-
carbon composiie also comprises 40%-60% silicon, and surface area less than 100
mfg, and 0.1, for example Z less than 10 and »80% microporosity, and wherein the
silicon-carbon composite also comprises 40%-60% silicon, and surface area less than
50 mfg, and =01, for example Z less than 10 and »80% microporosity, and wherein
the siticon-carbon composite also comprises 40%-60% sthicon, and surface area less
than 30 m2/g. and @01, for example Z Jess than 18 and >80% micvoporosity, and
wherein the silicon-carbon composite alse comprises 40%-60% silicon, and surface
area less than 10 m@fg, and @20.1, for example Z less than 10 and >80% microporosity,
and wherein the silicon-carbon composite also comprises 40%6-60% silicon, and surface
area less than 5 m2/g, and >0.1,

In centain embodinents, the silicon-carbon composite material comprises a 2
less than 10 and g carbon scaffold with >R0%% microporosity, and wherein the silicon-
carbon composite also comprises 30%-60% sihicon, and surface area Jess than 100
m2ig, and @0, for example Z less than 10 and >80% microporosity, and wherein the
silicon-carbon composite also comprises 30%-60% silicon, and surface area less than
S0 m2g, and @0, for cxample 7 less than 10 and >80% nutropotosity, and wherein
the silicon-carbon composite also comprises 30%-60% siticon, and surface area less
than 30 m24g, and >0, for example Z less than 10 and »80% microporosity, and
wherein the silicon-carbon compostte also comprises 30%-60% silicon, and surface
area less than 10 m2/g, and >0, for example Z less than 10 and >80% microporosity,
andd swherein the silicon-carbon composite also comprises 30%-60% silicon, and surface
area less than 3 m2/g, and ¢>0.

In certain embodiments, the silicon-carbon compostie material comprises a 2
less than 10 and a carbon scaffold with »>80% microporosity, and wherein the silicon-
carbon composite also comprises 40%-60% silicon, and surface area less than 100
w27y, and >0, for example Z less than 10 and >80% nucroporasity, and wherein the
silicon-carbon composite also comprises 40%:-60% silicon, and swrface area less than
50 m24g, and >0, for example 7 less than 10 and »>80% microporosity, and wherein
the silicon~carbon compesite also comprises 40%6-60% silicon, and surface area less
than 30 m2/g, and ¢>0, for example £ less than 10 and >80% microporosity, and
wherein the sificon-carbon composite alse comprises 40%-60% silicon, and surface
areg less than 10 m2/g, and >0, for example Z less than 10 and >80% microporosity,
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and wherein the silicon-carbon composite also comprises 40%-60% silicon, and surface
area less than 3 m2/g, and ¢>0.

In certain embodiments, the silican-carbon composite material comprises a 2
fess than 10 and a carbon scaffold with »90% microporosity, and wherein the silicon-
carbon composiie also comprises 30%-60% silicon, and surface area less than 100
mfg, and 0.1, for example Z less than 10 and »80% microporosity, and wherein the
silicon-carbon composite also comprises 30%-60% silicon, and surface area less than
50 m2ig, and 0.1, for example Z less than 10 and »90% microporosity, and wherein
the stlicon-carbon composite also comprises 30%-60% silicon, and surface area fess
than 30 m2/g. and @01, for example Z Jess than 180 and >90% micvoporosity, and
wherein the silicon-carbon composite also comprises 30%-060% silicon, and surface
area less than 10 m3fg, and 0.1, for example Z fess than 10 and >90% microporosity,
and wherein the silicon-carbon composite also comprises 30%-60% silicon, and surface
area less than 5 m2/g, and >0.1,

In centain embodinents, the silicon-carbon composite material comprises a 2
less than 10 and g carbon scaffold with >90%% microporosity, and wherein the silicon-
carbon composite also comprises $0%-60% sibicon, and surface area Jess than 100
m2ig, and 0.1, for example 7 less than 10 and »90% microporosity, and wherein the
silicon-carbon composite also comprises 40%-60% silicon, and surface area less than
S0 m2'g, and @01, for example 2 less than 10 and >90% microporosity, and whereln
the silicon-carbon composite also comprises 40%-60% siticon, and surface area less
than 30 m2/g, and $=0.1, for example Z less than 10 and »8%0% microporosity, and
wherein the silicon-carbon compostte also comprises 40%6-60% silicon, and surface
area less than 10 m2/g, and ©>0.1, for example Z less than 10 and >90% microporosity,
andd swherein the silicon-carbon composite also comprises 40%-60% silicon, and surface
area less than 3 m2/g, and @201,

In certain embodiments, the silicon-carbon compostie material comprises a 2
less than 10 and a carbon scaffold with »>90% microporosity, and wherein the silicon-
carbon composite also comprises 30%-60% silicon, and surface area less than 100
m2/y, and >0, for example Z fess than 10 and >90% microporosity, and wherein the
silicon-carbon composite also comprises 30%-60% silicon, and surface area less than
50 m24g, and >0, for example 7 less than 16 and »>90% microporosity, and wherein
the silicon~carbon compesite also comprises 30%6-60% silicon, and surface area less
than 30 m2/g, and ¢>0, for example £ less than 10 and >90% microporosity, and
wherein the sificon-carbon composite alse comprises 30%-60% silicon, and surface
areg less than 10 m2/g, and >0, for example Z less than 10 and »90% micropotosity,
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and wherein the silicon-carbon composite also comprises 30%-60% silicon, and surface
area less than 3 m2/g, and ¢>0.

In certain embodiments, the silican-carbon composite material comprises a 2
fess than 10 and a carbon scaffold with »90% microporosity, and wherein the silicon-
carbon composiie also comprises 40%-60% silicon, and surface area less than 100
mfg, and >0, for example 7 less than 10 and >90% microporosity, and wherein the
silicon-carbon composite also comprises 40%-60% silicon, and surface area less than
50 m2fg, and >0, for example Z less than 10 and >90% microporosity, and wherein
the siticon-carbon composite also comprises 40%-60% sthicon, and surface area less
than 30 m2/g. and @»0, for example 7 less than 10 and >90% mieroporosity, and
wherein the silicon-carbon composite alse comprises 40%-60% silicon, and surface
area less than 10 m@fg, and >0, for example Z less than 10 and >90% microporosity,
and wherein the silicon-carbon composite also comprises 40%6-60% silicon, and surface
ares less than 5 m2/g, and >0,

In centain embodinents, the silicon-carbon composite material comprises a 2
less than 10 and g carbon scaffold with >95% microporosity, and wherein the silicon-
carbon composite also comprises 30%-60% sihicon, and surface area Jess than 100
m2ig, and =01, for example 7 less than 10 and »93% microporosity, and wherein the
silicon-carbon composite also comprises 30%-60% silicon, and surface area less than
S0 m'g, and @01, for example 2 less than § and »93% microporosity, and wherein
the silicon-carbon composite also comprises 30%-60% siticon, and surface area less
than 30 m2/g, and $=0.1, for example Z less than 10 and »85% microporosity, and
wherein the silicon-carbon compostte also comprises 30%-60% silicon, and surface
areg less than 10 m2/g, and 0.1, for example Z less than 10 and »>953% microporosity,
andd swherein the silicon-carbon composite also comprises 30%-60% silicon, and surface
area less than 3 m2/g, and @201,

In certain embodiments, the silicon-carbon compostie material comprises a 2
less than 10 and a carbon scaffold with >93% microporosity, and wherein the silicon-
carbon composite also comprises 40%-60% silicon, and surface area less than 100
w2y, and 0.1, forexample Z less than 10 and »95% microporosity, and wherein the
silicon-carbon composite also comprises 40%:-60% silicon, and swrface area less than
50 m24g, and =01, for example Z less than 10 and »95% microporosity, and wherein
the silicon~carbon compesite also comprises 40%6-60% silicon, and surface area less
than 30 m2/g, and >0.1, for example Z less than 10 and >95% microporosity, and
wherein the sificon-carbon composite alse comprises 40%-60% silicon, and surface
arga less than 10 m2/g, and 0.1, for example Z less than 10 and »95% microporosity,
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and wherein the silicon-carbon composite also comprises 40%-60% silicon, and surface
area less than § m2/g, and @201

In certain embodiments, the silican-carbon composite material comprises a 2
fess than 10 and a carbon scaffold with »95% microporosity, and wherein the silicon-
carbon composiie also comprises 30%-60% silicon, and surface area less than 100
mfg, and 0.1, for example Z less than 10 and »95% microporosity, and wherein the
silicon-carbon composite also comprises 30%-60% silicon, and surface area less than
50 mfg, and =01, for example Z less than 10 and »95% microporosity, and wherein
the stlicon-carbon composite also comprises 30%-60% silicon, and surface area fess
than 30 m2/g. and @01, for example Z Jess than 180 and »95% micvoporosity, and
wherein the silicon-carbon composite also comprises 30%-060% silicon, and surface
area less than 10 m@fg, and @20.1, for example Z less than 10 and >95% microporosity,
and wherein the silicon-carbon composite also comprises 30%6-60% silicon, and surface
area less than 5 m2/g, and >0.1,

In centain embodinents, the silicon-carbon composite material comprises a 2
less than 10 and g carbon scaffold with >95% microporoesity, and wherein the silicon-
carbon composite also comprises $0%-60% sibicon, and surface area Jess than 100
m2ig, and @0, for example Z less than 10 and >95% microporosity, and wherein the
silicon-carbon composite also comprises 40%-60% silicon, and surface area less than
S0 m2/g, and @0, for example 7 less than 10 and >958% nueropotosity, and wherein
the silicon-carbon composite also comprises 40%-60% siticon, and surface area less
than 30 m24z, and >0, for example Z less than 10 and »95% microporosity, and
wherein the silicon-carbon compostte also comprises 40%6-60% silicon, and surface
area less than 10 m2/g, and >0, for example Z less than 10 and >95% microporosity,
andd swherein the silicon-carbon composite also comprises 40%-60% silicon, and surface
area less than 3 m2/g, and ¢>0.

In certain embodiments, the silicon-carbon compostie material comprises a 2
less than 10 and a carbon scaffold with »>80% microporosity, and wherein the silicon-
carbon composite also comprises 30%-60% silicon, and surface area less than 30 m2/g,
@>0.15, and an average Coulombic efficiency »0.9969, for example the silicon-carbon
composite material comprises a Z less than 10 and a carbon scaffold with »80%
microporosity, and wherein the silicon-carbon composite also comprises 30%-60%
silicon, and surface area less than 30 m2/g, ©20.13, and an average Coulombic
efficiency >0.9970, for example the silicon-carbon composite material comprises a Z
tess than 19 and a carbon scaffold with >R0% microporosity, and wherein the silicon-
carbon compaosite also comprises 30%-60% silicon, and surface area less than 30 m2/g,
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@>0.15, and an average Coulombic efficiency >0.9975, for example the silicon~carbon
composite material comprises a Z less than 10 and a carbon scaffold with >80%
micraporosity, and wherein the silicon-carbon composite alse comprises 30%-60%
stlicon, and surface area less than 30 m/g, =015, and an average Coulombic
efficiency >0.9980, for example the silicon~carbon composite material comprises a Z
less than 10 and a carbon scaffold with »80% microporosity, and wherein the silicon-
varbon composite alse comprises 30%-60% silicon, and surface area less than 30 m2/g,
@>0.15, and anaverage Coulombic efficiency >0 99885, for example the silicon-carbon
composiie material comprises a Z less than 10 and a carbon scaffold with »80%
microporosity, and wherein the sithicon~carbon composite also comprises 30%-60%
silicon, and surface area ess than 30 m27g, @»0.15, and an average Coulombic

.

>0.999Q, for example the siicon-carbou composite material comprises a Z

efficiency
tess than 10 and g carbon scaffold with >30% microporosity, and wherein the silicon-
carbon composite also comprises 30%-60% silicon, and surface area less than 30 m2/g,
0,15, and an gverage Coulombic efficiency 20,9995, for example the silicon-carbon
composite material comprises a Z less than 10 and a carbon scaffold with >80%
microporosity, and wherein the silicon~carbon comiposite alse comprises 30%-60%
silicon, and surface area less than 30 m2/g, 9>0.15, and an average Counlombic
efficiency »0.9999,

In certain embodiments, the silicon-carbon composite material comprises a 2
fess than 10 and a carbon scaffold with >380% microporosity, and wherein the silicon-
carbon composite also comprises 30%-60% silicon, and surface area less than 30 m2/g,
=020, and an gverage Covdombic efficiency 20.9969, for example the silicon-carbon
composite material comprises a £ less than 10 and a carbon scaffold with »80%
microporosity, and wherein the silicon-carbon composite also comprises 30%-60%
silicon, and surface area less than 30 m2/g, 9020, and an average Counlombic
efficiency =0.9970, for example the silicon-carbon composite material comprises a 2
less than 10 and a carbon scaffold with »>80% microporosity, and wherein the silicon-
carbon composite also comprises 30%-60% silicon, and surface area less than 30 m2/g,
@20.20, and an average Coulombic efficiency »0.9973 for example the stlicon-carbon
composite material comprises a Z less than 10 and a carbon scaffold with »80%
microporosity, and wherein the silicon-carbon composite also comprises 30%-60%
silicon, and surface area less than 30 m2/g, ©20.20, and an average Coulombic
efficiency >0.9980, for example the silicon-carbon composite material comprises a Z
tess than 19 and a carbon scaffold with >R0% microporosity, and wherein the silicon-
carbon composite also comprises 30%-60% silicon, and surface area less than 30 m2/g,
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@>0.20, and an average Coulombic efficiency >0.9985, for example the silicon~carbon
composite material comprises a Z less than 10 and a carbon scaffold with >80%
micraporosity, and wherein the silicon-carbon composite alse comprises 30%-60%
stlicon, and surface area less than 30 m/g, 92020, and an average Coulombic
efficiency >0.9990, for example the silicon~carbon composite material comprises a Z
less than 10 and a carbon scaffold with »80% microporosity, and wherein the silicon-
varbon composite also comprises 30%-60% silicon, and surface area less than 30 m2/,
@>0.20, and anaverage Coulombic efficiency >0 9995, for example the silicon-carbon
composite materigh comprises 8 Z less than 10 and a carbon scaffold with »80%
microporosity, and wherein the sithicon~carbon composite also comprises 30%-60%
silicon, and surface area less than 30 m27g, ©20.20, and an average Coulombic
>=(.9999

efficiency
In certain embodiments, the silicon-carbon composite material comprises a Z
fess than 10 and a carbon scaffold with »>80% microporosity, and wherein the siicon-
carbon composite also comprises 30%-50% stlicon, and surface area less than 30 m2fy,
@>0.25, and an average Coulombic efficiency »0.9969, for example the stlicon-carbon
composite matetial comprises a Z less than 10 and a carbon scaffold with »80%
microporosity, and wherein the silicon-carbon composite also comprises 30%-60%
silicon, and surface arca less than 30 m2/g, @025, and an average Coulombic
efficiency 20,9970, for example the silicon-carbon composite material comprises a £
fess than 10 and a carbon scaffold with >380% microporosity, and wherein the silicon-
carbon composite also comprises 30%-60% silicon, and surface area less than 30 m2/g,
=025, and an gverage Coudombic efficiency 20.9975, for example the silicon-carbon
composite material comprises a £ less than 10 and a carbon scaffold with »80%
microporosity, and wherein the silicon-carbon composite also comprises 30%-60%
silicon, and surface area less than 30 m2/g, 9025 and an average Counlombic
efficiency =0.9980, for example the silicon-carbon composite material comprises a Z
less than 10 and a carbon scaffold with »>80% microporosity, and wherein the silicon-
carbon composite also comprises 30%-60% silicon, and surface area less than 30 m2/g,
@>0.25, and an average Coulombic efficiency »0.9983, for example the stlicon-carbon
composite material comprises a Z less than 10 and a carbon scaffold with »80%
microporosity, and wherein the silicon-carbon composite also comprises 30%-60%
silicon, and surface area less than 30 m2/g, ©20.23, and an average Coulombic
efficiency >0.9990, for example the silicon-carbon composite material comprises a Z
tess than 19 and a carbon scaffold with >R0% microporosity, and wherein the silicon-
carbon compaosite also comprises 30%-60% silicon, and surface area less than 30 m2/g,
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@>0.25, and an average Coulombic efficiency >0.9995, for example the silicon~-carbon
composite material comprises a Z less than 10 and a carbon scaffold with >80%
micraporosity, and wherein the silicon-carbon composite alse comprises 30%-60%
stlicon, and surface area less than 30 mi/g, 9>0.235, and an average Coulombic
efficiency >0.9999.

in certain embodiments, the silicon-carbon composite material comprises a Z

fess than 10 and a carbon scaffold with 30% microporosity, and wherein the silicon-

carbon composite also comprises 30%-60% silicon, and surface areg less than 30 m2/g,
©=0.3, and an average Coulombic efficiency 20.9969, for example the silicon-carbon
composite material comprises a Z less than 1§ and a carbon scaffold with >80%
microporosity, and wherein the silicon-carbon composite also comprises 30%-60%
silicon, and surface area loss than 30 m2fg, 203, and an average Coulombic efficiency
209970, for examuple the silicon-carbon composite material comprises a Z less than 10
and a carbon scaffold with »80% micfoporoesity, and wherein the silicon-carbon
compostie also comprises 30%-60% silicon, and surface area less than 30 m23fg, p=0.3,
and an average Coulombic efficiency 09975, for example the silicon-carbon
composite matetial comprises a Z less than 10 and a carbon scaffold with »80%
microporosity, and wherein the silicon-carbon composite also comprises 30%-60%
stlicon, and surface area less than 30 m2/y, @203, and an average Coulombic efficiency
> 9980, for example the silicon~carbon composite material comprizes a 7 less than 10
and a carbon scaffold with >80% microporosity, and wherein the silicon-carbon
composite also conmprises 30%6-609% silicon, and surface area less than 30 mfg, @203,
and an average Coulombic efficiency 20,9985, for examiple the sittcon-carbon
composite material comprises a £ less than 10 and a carbon scaffold with »80%
microporosity, and wherein the silicon-carbon composite also comprises 30%-60%
silicon, and surface area less than 30 m2/g, 0.3, and an average Counlombic efficiency
209990, for example the stlicon-carbon composite material comprises a Z less than 10
and a carbon scaftold with »>80% microporosity, and wherein the silicon-carbon
composite also comprises 30%-60% silicon, and surface area less than 30 m2/g, @203,
and an average Coulombic efficiency >0.9995, for example the silicon-carbon
composite material comprises a Z less than 10 and a carbon scaffold with »80%
microporosity, and wherein the silicon-carbon composite also comprises 30%-60%
silicon, and surface area less than 30 m2/g, @203, and an average Coulombic efficiency
=0,9999,

Example 4. Particle size distribution for varieus carbon scaffold materials. The
particle size distribution for the various carbon scaffold materials was determmed by

a
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using a laser diffraction particle size analvzer as known in the art. Table 7 presented
the data, specifically the Dy, 1, DvI0, IS0, and Dv 90, and Dv 100,

Table 4. Propevites of various carbon scaffold materials.

Carbon Scaffold Particle Size Characteristics
4
1 Dv,1=12um, Dv,10=25um, Dv,50 =069 um,
Dv90=11.5 um, Dvi00=20.1 um
2 Dv,1=1.09, Dv1i0 =34 um, Dv50 =7.67 um,
Dv.90=133um, Dvi00=178
4 Dv,1=0.81, Dvi0 =19 um, Dv50 = 6.4 um,
Dv,90 = 16.6 um, Dv100 =26.5
5 Dv,1=0.62, Dvi0=1.1 um, Dv50 =42 um,
Dv,90= 158 um, Dvi00 =298
8 Dv,1=13,Dv10=3.7um, Dv50= 16 um,
Dv,90 =352 um, Dvi00 = 50.7
9 Dv,1=12um, Dv,10=2.7um, Dv,50=7.6 um,
Dv,90 = 12.3 uym, Dv100 = 20.7 um

Example 5, Lithivm-silicon batteries comprising anode comprising a composite

comprising Groupld elements silicon snd carbon, The novel composite compnising

Groupld elements silicon and carbon has utility for dramuically fmproving the

performance of ithium silicon batteries. As known in the an, the hithium silicon battery
10 comprises varions other attributes as described in this example.

The lithinm silicon battery comprises an anode comprising a composite
comprising Groupl4 elements silicon and carhon. The concentration of composite
comprising Groupl4 elements silicon and carbon by dry weight in the anode can vary,
for example from 1% 10 90%, for example 5% to 95%, for example 10% to 70%. In

1§ certain embodiments, the concentration of composite comprising Groupl4 elements
silicon and carbon by drv weight in the anode is 5% to 25% or 25% to 35%, or 35% to
50%, or 50% to T0%, or greater than 70%.

The anode may further comprise other components. These other components
include graphite, conductive carbon additive, and binder, and combinations thereof.

20 In some embodiments, the lithinme-silicon battery comprises an anode that
comprises graphite, or combinations thereof. Exemplary graphites in this regard

include, but are not Himited 1o, natural graphite, syathetic graphste, nano-graphite, or
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combinations thereof. The concentration by dry weight of graphite in the anode may
vary, example 3% to 95%, for example 10% to 70%, for example 20% to 60%, for
example 30% to 50%. In certain embodiments, the hithiwm-silicon battery comprises an
anode that is devoid of praphite,

In preferred embodiments, the lithivme-silicon battery comprises an anode that
comprises conductive carbon additive, or combinations thereof. Exemplary conductive
carbon additives include, but are not Himited to, carbon black, conductive carbon black,
supercondoctive carbon black, extraconductive carbon black, ultraconductive carbon
black, Saper C, Super P, Super [C45 or C65], Ketienhlack carbon, acetylene black,
fullerine, graphene, carbon fibers, carbon nanofibers, carbon nanotubes, or
combinations thereof. The concentration by dryv weight of conductive carbon additive
i the anode may vary, for example from 0.1% to 20%, for example 19% to 10%, for
example 2% 1o §%, for example 3% to 6%. In certain embodiments, for examyple
wherain the anode is devoid of graphite, the concentration by dry weight of conductive
carbon additive may range from 5% to 20%, for example 10% 1o 20%, for example
4% to 16%.

In prefesred embodiments, the lithiwmesilicon battery comprises an anode that
comprises a binder, or combinations thereof. Exemplary binders included, but are not
himited to, polyvivhidene difluoride {PVDIF), styrene butadiene rubber (8BR), sodium
carboxymethyl cellolose (Na-UMC), polvacrylonitnile (PAN), polyacryhic latex,
polvacrylic acid (PAA), polyvinyl alcohal {PVA), polyethylene glveol (PEG),
polyvamide imide (PAL, polvimide (P1), and combinations thereof. In certain
embodiments, the binder can comprise a Hithium fon as counter ton. The concenteation
by dry weight of binder in the anode miay vary, for example from 0.1% w0 20%, for
example 1% to 10%, for example 2% to 8%, for example 3% to 6%. In certain
embodiiments, for example wherein the anoide is devoid of graphite, the concentration
by dry weight of binder may range from 8% 10 209, for example 10% to 20%, for
example 14 to 16%.

The anode of the lithinm-silicon battery comprises a composite comprising
Groupi4 elements stlicon and carbon, wherein said anode alse comprises a porosity in
the dry state. The porosity of the dry anode may vary, for example between 10% and
0%, for example 20% to 80%, for example 30% 10 70%, for example 40% to 60%%. In
certain preferred embodiments, the porosity of the dry anode is 30% to 50%. In certain
preferred embodiments, the porosity of the dry anonde is 10% to 50%.

The lithiwn~-silicon battery comprises a anode comprising a composite
comprising Groupl4 elements silicon and carbon, wherem said hithium silicon battery
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also comprises a cathode. Examplary cathodes include, but are not limited to, lithium
cobalt oxide {LiCoO2) (LCO), hithivm manganese oxide (LiMna04) (LMO), lithium
iron phosphate(LiFePOq) (LFP), hthium nickel cobalt atluminum oxide (LiNiCoAIO:)
{NCA)Y, Hihiw titanate (L TIOR3 (LTO), lithium nickel manganese cobalt oxide
{LiNicMnyCo02) (NMC, with xevyrasl oy 3:3:3 (NMO333), 4:3:3 (NMC433),
5:3:2 (NMOCS32), 61T INMCET ), 6:2:2 (NMC622), B 1T INMUBLEY. In certain
preferved embodiments, the cathode s NMCS811.

The tithiwm-silicon battery comprises a ratio known as the NP ratio that
describes the capacity ratio between the anode and cathode elecirodes in the battery
cell). The N/P is important for determining the energy density of the lithium-silicon
battery. Without being bound by theory, a lower N/P ratic provides for less excess
anode heonce higher energy density of the Lithium-silicon battery. The average discharge
potential for silicon-carbon anodes is higher than graphite anodes. Without being bownd
by theory, presence of ¢ in the anode enables one to reduce the excess anode needed in
the cell to avoid plating. Accordingly, and without being bound by theory, the novel
anode material described herein comprising >0, for example 92015, for example
¢x0.2, for example p2025, for example =03, allows for Jower N/P ratio and hence
higher energy density of the lithium-silicon battery. In certain embodiments, the N/P
ratic > 1.1, for example N/P ratio 1.2, for example N/P ratio > 1.3, for example N/P
ratio 1.4, for example NP ratio > 1.5, for example N/P ratio »2.0. In certain prefened
embodiments, the NP ratio <2.0, for example NP ratio <1 3 for example N/P ratio
<14, for example N/P ratio <1.3, for example NP ratio 1.2, for example N/ ratio
SE, for example NP ratio 1.0, for Sxample NP ratio <Q.9, for example N/P ratio
<Q.8.

The hithinme-silicon battery comprises an electrolyte, wherein the electrolyte
comprises various components including solvent, solvent additives, and electrolyte ions.
Examplary electrolyte components include, but are not limited to, etlivlene carbonate
(EC), diethylcarbonate (DEC), propylene carbonate {PC), dimethy! carbonate (DMCO),
ethyl methyl carbonate (EMC), ethyl propyl ether (EPE), fluorinated eyclic carbonate
(F-AEC), fluorinated linear carbonate (F-EMC), Dimethyvlacrviamide (DMAA),
Suceinic anhydride (SA), trisCirimethylsilvl) borate (TTMB), trisCioimethylsilyh
phosphate (TTSP), 1.3-propane sulione (PS), fluorinated ether (F-EPE), fluorcethylene
carbonate (FEC), performance enhancing organositicon electrolyte materials sch as
Q83, vinylene carbonate (VO3 LiPF6, LIBF4.LiBOR, LiTFSL LiFSI LiCIO4 and
combinations thereof. In cettain embodiments, the electrolyie salts concentration >1.0
M, for example salt concentration >1.2, for example salt concentration 1.3, for
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example salt concentration > 1.4, for example salt concentration >1.5, for example salt
concentration >2.(. In certain preferred embodiments, the electrolyte salt concentration
<2.0, for example electrolvte salt concentration <1.8, for example electrolyte salt
congentration <1 .4, for example electrolyte salt concentration <1 .3, for example
electrolyvie salt concentration <1.2, for example electrolyte salt concentration <11, for
example electrolyte salt concentration <1.0, for example electrolyte salt concentration
<0.9.

The lithinm-siticon battery comprising g composite comprising Groupid eloments
silicon and carbon also comprises a separator that maintains the separation of anode and
cathode. Separator can be made of one layer or multiple lavers of polyvmer material, or
cogted with aramid, ceramic or fluoride materials. Examplary separator materialg
include, bat are not lmited to, nonwoven fibers (cotton, nyvlon, polvesters, glass),
polymer films (polyethvlene, polypropylene, poly (tetrafluorcethylene), polyvinyl
chlonide), cerantic, and naturally occwring substances (rubber, asbestos, wouod). In
certain preferred embodiments, the separator comprises a polymer, wherein exemplary
polymers include, but are not Himited to, polyolefin based materials with semi-
crystalline structure, polvethylene, polvpropylene, graft polymers including micro-
porous poly{methyl methacrylate)-grafted and siloxane grafted polyethviene,
polysinyhidene fuoride (PVDE) nanofiber webs, and polyiriphenviamine (PTPA)

The lithium-siticon battery comprising a composite comprising Groupld elements
silicon and carbon is cveled during battery use between the lower and upper bounds of
the Lithium-silicon battery operating voltage window. Without being bound by theory,
decreasing the lower bound of the operating voltage window provides for higher energy
density of the lithium-siticon battery. Accordingly, and without being bound by theory,
the novel gnode marerial described hevein comprising >0, for example 2015, for
example p=0.2, for example ©>0.25, for example ¢20.3, allows for decreasing the
tower bound voltage window and hence higher energy density of the Hthinme-silicon
battery. In certain smboidments, the lower bound of the voltage window 1s 3.0V, for
example €29V, for example <28V, for example <27V, for example <2.6V, for
example <25V, for example <2 4V, for example <23V The upper bound of the
voltage window for cycling the Iithiumesilicon battery can be varied. For example, the
upper bound of the voltage window can vary, for example » 4.0 'V, for example 4.0V,
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ord1V,ord42V,ord43V,ord44V,or45V,ord46V,0or47V,or48,0r49V, or
5.0V.

EXPRESSED EMBODIMENTS

Embodbment 1. A mapterial exhibiiing >0, ¢ = (Max peak height dQ/dV in Regime
[} / (Max peak height dQ/dV in Regime I1I}, wherein dQ/dV is measured in a half-
cell coin cell, and regime 1 is 0.8V-0.4V and Regime 111 is 0.15V-0V.

Embeodiment 2, A material exhibiting ¢=0.1, ¢ = {Max peak height dQ/dV in Regime
[} / (Max peak height dQ/dV in Regime IiI}, wherein dQ/dV is measured in a half-
cell coin cell, and regime I is 0.8V-0.4V and Regime 11l is 0.15V-0V.

Embodiment 3. A silicon-carbon composite material exhibiting >0, o = (Max peak
height dQ/dV in Regime 1} / {Max peak height d{}/dV in Regime 111}, wherein
dQ/dV is measured in a half-cell coin cell, and regime 15 0.8V-0.4V and Regime i
is 0.15V-0V.

Embodiment 4, A silicon-tarbon composite material exhibiting 0.1, ¢ = (Max peak
height dQ/dV in Regime 1} / {Max peak height dQ/dV in Regime 111}, wherein
d(}/dV is measured in a half-cell coin cell, and regime | is .8V-0.4V and Regime {i}
is 0.15V-0V,

Embodiment 5. A silicon-carbon composite material comprising a Z<10 and @>»0, @ =
{Max peak height dQ/dV in Regime 1} / (Max peak height d4Q/dV in Regime {i{},
wherein dQ/dV is measured in a half-cell coin cell, and regime l is 0.8V-0.4V and
Regime [l is 0.15V-0V.

Embodiment 6. A silicon-carbon composite material comprising a 2210 and @201, ¢
= {Max peak height dQ /dV in Regime 1] / {Max peak height d(3/dV in Regime 111},
wherein dQ/dV is measured in a half-cell coin cell, and regime T is 0.8V-0.4V and
Regime I is 0.15V-0V.

Embodiment 7. A sihicon-carbon composite material conprising a Z<10, sorface area
<100 mfg, and ¢ >0, ¢ = {Max peak height d3/dV in Regime I} / {Max peak height
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dQ/dV in Regime 11}, wherein dQ/dV is measured in a half-cell coin cell, and
regime | is 0.8V-0.4V and Regime Iil is 0.15V-0V.

Embodiment 8. A silicon-carbon composite material comprising a Z<10, sarface area
<100 m27g, and 201, @ = (Max peak height dQ/dV in Regime 1} / {Max peak
height dQ/dV in Regime 1}, wherein dQ/dV s measured in g half-cell coin cel},
and regime s 0.8V-0.4V and Regime Hl is 0.15V-0V.,

Embodiment 9. A silicon-carbon composite material comprising g £<10, surface arca
<50 m2/g, and >0, = {Max peak height dQ/dV in Regime I} / {Max peak height
dQ/dV in Regime I}, wherein dQ/dV is measured in a half-cell coin cell, and
regime I is 0.8V-0.4V and Regime i is 0.15V-0V.

Embodiment 10, A silicon-carbon composite material comprising a Z<10, sweface area
<50 mg, and @=0.1, p = {Max peak height dQ/dV in Regime I} / (Max peak height
dQ/dV in Regime 111}, wherein dQ/dV is measured in a haif-ceil coin cell, and
regime | is 0.8V-0.4V and Regime il is 0.15V-0V.

Embodiment 11. A silicon-carbon composite material comprising a Z<1), surtace area
<30 m2ig, and >0, @ = {Max peak height dQ/dV in Regime I} / {Max peak height
d3/aV in Regime 11}, wherein dQQ/dV is measured in a half-cell voin cell, and
regime | is 0.8V-04V and Regime i} is 0.15V-0V,

-5

Embodiment 12, A silicon-carbon composite material comprising a Z<10, surface area
<30 m2fg, and 20.1, ¢ = {Max peak height dQ/dV in Regime 1} / {Max peak height
dQ/dV in Regime 11}, wherein dQ/dV is measured in a half-cell coin cell, and
regime I is 0.8V-0.4V and Regime il is 0.15V-0V.

Embodiment 13, A silicon-carbon composite material comprising a Z<110, sweface area
<10 m¥’g, and >0, ¢ = {Max peak height dQ/dV in Regime [} / {Max peak height
d/dV in Regime {11}, wherein dQ/dV is measured in a half-cell coin cell, and
regime [ is 0.8V-0.4V and Regime Iii is 0.15V-0V.

Embodiment 14, A silicon-carbon compostie matenial comprising a Z<1), swrface area

<10 m2fg, and 201, @ = (Max peak height dQ/dV in Regime 1} / {Max peak height
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dQ/dV in Regime 11}, wherein dQ/dV is measured in a half-cell coin cell, and
regime | is 0.8V-0.4V and Regime Iil is 0.15V-0V.

Embeodiment 15, A silicon-carbon composite material comprising a <), surtace area
<5 mig, and >0, @ = (Max peak height dQ/dV in Regime 1} / {(Max peak height
dQ/aV in Regime 1), wheretn dQQ/dV is measured in a half-cell coin cell, and
regime I is 0.8V-0.4V and Regime Hiis 0.15V-0V.

Embodiment 16. A silicon-carbon composite material comprising a Z<10, surface area
<5 m2/g, and px0.1, ¢ = (Max peak height dQ/dV in Regime 1} / (Max peak height
dQ/dV in Regime I}, wherein dQ/dV is measured in a half-cell coin cell, and
regime I is 0.8V-0.4V and Regime i is 0.15V-0V.

Embodiment 17, A silicon-carbon composite comprising 30% to 60% silicon by
weight, a Z<10, surface area <50 m2/g, and >0, © = {Max peak height dQ/dV in
Regime i} / {(Max peak height dQ/dV in Regime i1}, wherein dQ/dV is measured in
a half-cell coin cell, and regime I is 0.8V-0.4V and Regime il is 0.15V-0V.

Embodbment 18, A silicon-carbon composiie comprising 30% to 809% silicon by
¥ & b

g, and @=0.1, @ = {Max peak height dQ/dV in

e

weight, a Z<10, surface area <530 m2/
Regime 1} / {Max peak height dQ/dV in Regime 11}, wherein d3/dV is measured in
a half-celi coin cell, and regime 1 is 0.8V-0.4V and Regime {ii is . 15V-0V,

Embodiment 19, A silicon-carbon composite comprising 30% to 60% silicon by
weight, 8 Z<10, surface area <30 m2/g, and >0, v = {Max peak height dQ/dV in
Regime I} / (Max peak height dQ/dV in Regime 111}, wherein dQ/dV is measured in
a half-cell coin cell, and regime I is 0.8V-0.4V and Regime il is 0.15V-0V.

Embodiment 20, A silicon-carbon composite comprising 30% to 60% silicon by
weight, a Z<10, surface area <30m2/g, and ©=0.1, i = (Max peak height dQ/dV in
Regime {} / {(Max peak height dQ/dV in Regime I}, wherein dQ/dV is measured in
a half-cell coin cell, and regime 1 is 0.8V-0.4V and Regime il is 0.15V-0V.

Embodiment 21. A silicon-carbon composite comprising 30% to 80% silicon by
i’ ‘i & &

weight, a Z<10, surface area <10 m2/g, and @>0, @ = {Max peak height dQ/dV in
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Regime I} / (Max peak height dQ/dV in Regime III}, wherein dQ/dV is measured in
a half-cell coin cell, and regime I is 0.8V-0.4V and Regime il is 0.15V-0V.

Embeodiment 22. A silicon-carbon composite comprising 30% to 609% silicon by
weight, a Z<110, surface area <10 m2/g, and @20.1, ¢ = {Max peak height dQ/dV in
Regime 1} / {Max peak height dQ/dV in Regime T, wherein d3/dV is measwred in
a halt~cell coin cell, and regiroe {is 0.8V-0.4V and Regime s 8.15V-0V,

Embodiment 23, A silicon-carbon composite comprising 30% to 60% silicon by
weight, a Z<10, swrface area <5 mig, and >0, @ = (Max peak height dQ/dV in
Regime I} / (Max peak height dQ/dV in Regime IlI}, wherein dQ/dV is measured in
a half-cell coin cell, and regime I is 0.8V-0.4V and Regime il is 0.15V-0V.

Embodiment 24. A silicon-carbon composite comprising 30% to 60% silicon by
weight, a Z<10, surface area <5 m2/g, and >0.1, @ = {(Mag peak height 4Q/dV in
Regime i} / {(Max peak height dQ/dV in Regime i1}, wherein dQ/dV is measured in
a half-cell coin cell, and regime I is 0.8V-0.4V and Regime il is 0.15V-0V.

Embodiment 25, A silicon-carbon composiie comprising 30% to 60% silicon by
weight, a Z<110, surface area <30 m2/g, and @>0, ¢ = {Max peak height dQ/dV in
Regime 1} / {Max peak height dQ/dV in Regime 11}, wherein d(3/dV is measwred in
a half-cell coin cell, and regime I is 0.8V-0.4V and Regime il is 0.15V-0V, and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises

>70% microporosity.

Embeodiment 26. A siticon-carbon composite comprising 30% to 60% silicon by
weight, a Z<10, surface area <350 m2/g, and =01, ¢ = {(Max peak height dQ/dV in
Regime 1} / (Max peak height dQ/dV in Regime 1), wherein dQ/dV is measured in
a half-cell coin cell, and regime [ is 0.8V-0.4V and Regime il is 0.15V-0V,and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises
>70% microporosity.

Embodiment 27. A silicon-carbon composite comprising 30% to 60% silicon by
weight, 8 Z<10, surface area <30 m2/g, and @>0, @ = {(Max peak height dQ/dV in
Regime 1} / {Max peak height dQ/dV in Regime 1), wherein dQ/dV is measured in
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a half-cell coin cell, and regime I is 0.8V-0.4V and Regime il is 0.15V-0V,and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises
>70% microporosity.

Embadiment 28, A silicon-carbon composite comprising 30% to 60% silicon by
weight, a Z<10, surface area <30m2/g, and ©20.1, = {(Max peak height dQ/dV in
Regime 1} / {Max pealc height d}/dV in Regime 11}, wherein dQ/dV is measured in
a half-cell coin cell, and regime | is 0.8V-0.4V and Regime il is 0.15V-0V, and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises
>70% microporosity.

Embodiment 29. A silicon-carbon composite comprising30% to 60% silicon by
weight, 8 Z<10, surface area <10 m2/g, and >0, @ = (Max peak height dQ/dV in
Regime 1} / {Max peak height 8Q/dV in Regime 11}, wherein dQ/dV is measured in
a half-cell coin cell, and regime 1 is .8V-0.4V and Regime {11 is 0.15V-0V, and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises

>70% microporosity.

Embodiment 30. A silicon-carbon compostie comprising 30% 1o 60% silicon by
wieght, a Z<10, surface area <10 m2/g, and @20.1, ¢ = {Max peak height dQ/dV in
Regime } / {Max peak height dQ/dV in Regime {1}, wherein dQ/dV is measured in
a half-cell coin cell, and regime I is 0.8V-0.4V and Regime il is 0.15V-0V,and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises

>70% microporosity.

Embodiment 31. A silicon-carbon composite comprising 30% to 60% silicon by
weight, a Z<10, surface area <5 m2/g, and @>0, ¢ = (Max peak height dQ/dV in
Regime 1} / {Max peak height dQ/dV in Regime 111}, wherein dQ/dV is measured in
a half-cell coin cell, and regime [ is 0.8V-0.4V and Regime il is 0.15V-0V,and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises

>70% microporosity.

Embodiment 32. A silicon-carbon composiie comprising 30% to 60% silicon by
weight, a Z<10, surface area <3 m2/g, and ¢20.1, ¢ = {Max peak height dQ/dV in
Regime 1} / {(Max peak height dQ/dV in Regime III), wherein dQ/dV is measured in

64



sy

10

;,_; (]

30

Ll
N

WO 2022/040328 PCT/US2021/046527

a half-cell coin cell, and regime I is 0.8V-0.4V and Regime il is 0.15V-0V,and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises
>70% microporosity.

Embadiment 33, A silicon-carbon composite comprising 30% to 60% silicon by
weight, a Z<510, sorface area <30 mfg, and >0, @ = {Max peak height dQ/dV in
Regime [} / {Max peak height dQ)/dV in Regime 11}, wherein dQ/dV is measured in
a half-cell coin cell, and regime | is 0.8V-0.4V and Regime il is 0.15V-0V, and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises
>80% microporosity.

Embodiment 34. A silicon-carbon composite comprising 30% to 60% silicon by
weight, 8 Z<10, surface area <30 m2/g, and @©=0.1, @ = {Max peak height dQ/dV in
Regime 1} / {Max peak height dQ/dV in Regime 11}, wherein dQ/dV is measured in
a half-cell coin cell, and regime 1 is .8V-0.4V and Regime {11 is 0.15V-0V, and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises

>80% microporosity.

Embodiment 33, A silicon-carbon compostie comprising 30% 1o 60% silicon by
weight, a Z<10, surface area <10 m2/g, and @>0, ¢ = {Max peak height dQ/dV in
Regime } / {Max peak height dQ/dV in Regime {1}, wherein dQ/dV is measured in
a half-cell coin cell, and regime I is 0.8V-0.4V and Regime il is 0.15V-0V,and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises

>80% microporosity.

Embodiment 36. A silicon-carbon composite comprising 30% to 60% silicon by
weight, a Z<10, surface area <10 m2/y, and ¢20.12, @ = {Max peak height d(3/dV in
Regime 1} / {Max peak height dQ/dV in Regime 111}, wherein dQ/dV is measured in
a half-cell coin cell, and regime [ is 0.8V-0.4V and Regime il is 0.15V-0V,and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises

>80% microporosity.
Embodiment 37, A silicon-carbon composiie comprising 30% to 60% silicon by

weight, 3 210, sueface area <3 m2{g, and ¢>0, ¢ = (Max peak height dQ/dV in
Regime 1} / {Max peak height dQ/dV in Regime III), wherein dQ/dV is measured in
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a half-cell coin cell, and regime I is 0.8V-0.4V and Regime il is 0.15V-0V,and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises
>80% microporosity.

Embadiment 38. A silicon-carbon composite comprising 30% to 60% silicon by
weight, a Z<10, surface area <5 m2/y, and p20.1, @ = (Max peak height 4Q/dV in
Regime 1} / {Max pealc height d}/dV in Regime 11}, wherein dQ/dV is measured in
a half-cell coin cell, and regime | is 0.8V-0.4V and Regime il is 0.15V-0V, and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises
>80% microporosity.

Embodiment 39, A silicon-carbon composite comprising 30% to 60% silicon by
weight, 8 Z<10, surface area <30 m2/g, and >0, @ = (Max peak height dQ/dV in
Regime 1} / {Max peak height dQ/dV in Regime 11}, wherein dQ/dV is measured in
a half-cell coin cell, and regime 1 is .8V-0.4V and Regime {11 is 0.15V-0V, and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises

>90% microporosity.

Embodiment 40, A silicon-carbon compostie comprising 30% 1o 60% silicon by
weight, a Z<10, surface area <30 m2/g, and 0.1, ¢ = {Max peak height dQ/dV in
Regime {} / {Max peak height dQ/dV in Regime [I}, wherein dQ/dV is measured in
a half-cell coin cell, and regime I is 0.8V-0.4V and Regime il is 0.15V-0V,and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises

>90% microporosity.

Embodiment 41. A silicon-carbon composite comprising 30% to 60% silicon by
weight, a Z<10, surface area <10 m2/g, and >0, ¢ = (Max peak height dQ/dV in
Regime 1} / {Max peak height dQ/dV in Regime 111}, wherein dQ/dV is measured in
a half-cell coin cell, and regime [ is 0.8V-0.4V and Regime il is 0.15V-0V,and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises

>90% microporosity.

Embodiment 42. A silicon~-carbon composiie comprising 30% to 60% silicon by
weight, 8 Z<10, surface area <10 m2/g, and ¢>0.1, ¢ = {Max peak height dQ/dV in
Regime 1} / {(Max peak height dQ/dV in Regime III), wherein dQ/dV is measured in
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a half-cell coin cell, and regime I is 0.8V-0.4V and Regime il is 0.15V-0V,and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises
>90% microporosity.

Embadiment 43, A silicon-carbon composite comprising 30% to 60% silicon by
weight, a Z<10, surface area <5 m2/g, and >0, = (Max peak height dQ/4dV in
Regime 1} / {Max pealc height d}/dV in Regime 11}, wherein dQ/dV is measured in
a half-cell coin cell, and regime | is 0.8V-0.4V and Regime il is 0.15V-0V, and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises
>90% microporosity.

Embodiment 44. A silicon-carbon composite comprising 30% to 60% silicon by
weight, 8 Z<10, surface area <3 mfg, and @=0.1, @ = [Max peak helght dQ/dV in
Regime 1} / {Max peak height dQ/dV in Regime 11}, wherein dQ/dV is measured in
a half-cell coin cell, and regime 1 is .8V-0.4V and Regime {11 is 0.15V-0V, and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises

>90% microporosity.

Embodiment 43, A silicon-carbon compostie comprising 30% 1o 60% silicon by
welght, a Z <10, surface area <30 m/g, and >0, o = {Max peak height 4} /dV in
Regime } / {Max peak height dQ/dV in Regime {1}, wherein dQ/dV is measwred in
a half-cell coin cell, and regime I is 0.8V-0.4V and Regime il is 0.15V-0V,and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises

>95% microporosity.

Embodiment 46. A silicon-carbon composite comprising 30% to 60% silicon by
weight, a Z <10, surface area <30 m2/g, and @x0.1, @ = {Max peak height d(3/dV in
Regime 1} / {Max peak height dQ/dV in Regime 111}, wherein dQ/dV is measured in
a half-cell coin cell, and regime [ is 0.8V-0.4V and Regime il is 0.15V-0V,and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises

>95% microporosity.

Embodiment 47. A silicon-carbon composiie comprising 30% to 60% silicon by
weilght, 8 Z <10, surface area <10 mfy, and >0, ¢ = {(Max peak height dQ/dV in
Regime 1} / {Max peak height dQ/dV in Regime III), wherein dQ/dV is measured in
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a half-cell coin cell, and regime I is 0.8V-0.4V and Regime il is 0.15V-0V,and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises
>95% microporosity.

Embadiment 48. A silicon-carbon composite comprising 30% to 60% silicon by
weight, a Z <10, surface area <10 m2/g, and @20.1, @ = {Max peak height dQ/dV in
Regime 1} / {Max pealc height d}/dV in Regime 11}, wherein dQ/dV is measured in
a half-cell coin cell, and regime | is 0.8V-0.4V and Regime il is 0.15V-0V, and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises
>95% microporosity.

Embodiment 49, A silicon-carbon composite comprising 30% to 60% silicon by
weight, a Z <10, sarface area <5 m2/g, and >0, @ = {Max peak height dQ/dV in
Regime 1} / {Max peak height dQ/dV in Regime 111}, wherein dQ/dV is measured in
a half-cell coin cell, and regime 1 is .8V-0.4V and Regime {11 is 0.15V-0V, and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises

>95% microporosity.

Embodiment 30. A silicon-carbon compostie comprising 30% 1o 60% silicon by
weight, a Z <10, surface area <3 m¥/g, and ¢20.1, ¢ = {Max peak height dQ/dV in
Regime } / {Max peak height dQ/dV in Regime {1}, wherein dQ/dV is measured in
a half-cell coin cell, and regime I is 0.8V-0.4V and Regime il is 0.15V-0V,and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises

>95% microporosity.

Embodiment 51. The silicon-carbon composite of any of the embodiments from
Embodiment 1 to Embodiment 50 wherein the silicon-carbon composite comprises a

D30 between 3 nm and 20 microns.

Embadiment 52. The silicon-carbon composite of any of the embodiments from
Embodiment | o Embodiment 51 wherein the silicon-carbon composite comprises a
capacity of greater than 900 maA/g.
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Embodiment 53, The silicon-carbon composite of any of the embodiments from
Embediment 1 to Embodiment 51 wheremn the silicon-carbon composite comprises a

capacity of greater than 1300 mA/g.

Embadiment 34. The sihicon-carbon composite of any of the embodiments front
Embodiment 1 to Embodiment 51 wherein the silicon-carbon composite comprises a
capacity of greater than 1600 mA/g.

Embodiment 55. An energy storage device comprising a silicon-carbon composite
described by any of the embodiments from Embodiment 1 1o Embodiment 33

Embodiment 56, A lithium jon baitery comprising a silicon-carbon composite

described by any of the embodiments fom Embodiment 1 {o Embodiment 53,

Embodiment 57, A silicon-catbon composite comprising 40% to 60% silicon by
weight, a Z<10, st face area <50 mUy, and 201, ¢ = {Max peak height dQ/dV in
Regime I} / {(Max peak height dQ/dV in Regime 111}, wherein dQ/dV is measured in
a hall-cell coin cell, and regime 1 is 0.8V-0.4V and Regime 11 is 0,15V-0V.,

Embodiment 38, A sihcon-carbon composite comprising 40%% 1o 60% silicon by
weight, a Z<10, surface area <30 m2/g, and @>0, ¢ = (Max peak height dQ/dV in
Regime 1} / {Max peak height d(}/dV in Regime III), wherein dQ/dV is measured in
a half-cell coin cell, and regime | is 0.8V-0.4V and Regime Il is 0.15V-0V.

Embodiment 59, A silicon-carbon compostte comprising 40% to 60% silicon by
welght, 8 210, surface area <30 m2fg, and @=0.4, @ = {Max peak height dQ/dV in
Regime 1} / {Max peak height dQ/dV in Regime H1), wherein dQ/dV is measured in
a half-cell coin cell, and regime [ is (.8V-(:4V and Regime Hl i 0,15V-(V,

Ewmbodiment 60, A silicon-catbon composite comprising 40% to 60% silicon by
weight, a Z<10, surface area <10 m/g, and >0, ¢ = (Max peak height dQ/dV in
Regime I} / (Max peak height dQ/dV in Reghme I}, wherein dQ/dV is measured in
a hall-cell coin cell, and regime 1is 0.8V-0.4V and Regime {11 is 0,15V-0V.
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Embeodiment 61. A silicon-carbon composite comprising 40% to 60% silicon by
weight, a 2710, surface area <10 mi2/g, and @=0.1, ¢ = {Max peak height d{}/dV in
Regime 1} / {Max peak height d{/dV in Regime 11}, wherein d/dV is measured in
a half-cell cain cell, and regime { is 0.8V-0.4V and Regime 11 i3 0,15V-0V,

Embodiment 62. A silicon-carbon composite comprising 40% to 60% silcon by
weight, a Z<10, swrface area <SS mfg, and >0, p = (Max peak height dQ/dV in
Regime I} / {Max peak height dQ/dV in Regime 11}, wherein dQ/dV is measured in
a half-cell coin cell, and regime 1is 0.8V-0.4V and Regime 11l is 0. 15V-0V.

Embeodiment 63. A silicon-carbon composite comprising 40% to 60% silicon by
weight, a Z<10, surface area <5 m2/g, and @20.1, ¢ = (Max peak height 4Q/dV in
Regime [} / {Max peak height dQ/4V in Reglime HI), wherein dQ/dV is measured in
a half-celf coin cell, and regime 1 is 0.8V-0.4V and Regime s 8.15V-0V.

Embodiment 64, A sihicon~carbon composite comprising 40% to 60% silicon by
weight, a 2710, surface area <50 m2/g, and @>0, @ = (Max peak height 4Q/dV in
Regime 1} / {Max peak height d(}/dV in Regime 11}, wherein d3/dV is measired in
a half-cell coin cell, and regime 1 is 0.8V-0.4V and Regime ill is 0.15V-0V, and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises

>70% microporosity.

Embodiment 65, A silicon~carbon composite comprising 4% to 60% silicon by
weight, 8 Z<10, surface area <50 mfyg, and =01, ¢ = (Max peak height dQ/dV in
Regime I} / {(Max peak height dQ/dV in Regime 1), wherein dQ/dV is measured in
a half-cell coin cell, and regime 1 is 0.8V-0.4V and Regime il is 0.15V-0V,and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises

>70% microporosity.

Embodiment 66, A silicon-carbon composiie comprising 40% to 60% silicon by
weight, 8 210, surface area <30 m2/g, and >0, ¢ = (Max peak height 4Q/dV in
Regime 1} / {Max peak height dQ/dV in Regime IlI), wherein dQ/dV is measured in
a half~cell coin cell, and regime  is 0.8V-0.4V and Regime il is 0.15V-0V, and a
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carbon scaffold comprising a pore volume, wherein the pore volume comprises

>70% microporosity.

Embeodiment 67, A silicon-carbon composite comprising 40% to 60% silicon by
weight, a Z<110, surface area <30 m2/g, and @20.1, ¢ = {Max peak height dQ/dV in
Regime 1} / {Max peak height d3/dV in Regime U1}, wherein dQ/dV is measwred in
a half-cell coin cell, and regime 1 is 0.8V-0.4V and Regime 1l is 0.15V-0V, and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises
>70% microporosity.

Embodiment 68, A silicon-carbon composite comprising 40% to 60% silicon by
weight, 8 Z<10, surface area <10 m2/7g, and >0, i = {(Max peak height dQ/dV in
Regime [} / {Max peak height dQ/4V in Reglime HI), wherein dQ/dV is measured in
a half-cell coin cell, and regime [ is 0.8V-0.4V and Regime Il is 0.15V-0V, and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises

>70% microporosity.

Embodiment 69. A silicon-carbon composite comprising 40% to 60% silicon by
wieght, 8 Z<10, surface aren <10 n2fg, and 201, @ = {Max peak height dQ/dV in
Regime 1} / {Max peak beight dQ/dV in Regime 111}, wherein dQ/dV is measured in
a half-cell coin cell, and regime | {s .8V-(.4V and Regime {1 is 0.15V-0V, and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises

>70% microporosity.

Embodiment 70, A silicon-carbon composite comprising 40% 1o 60% silicon by
weight, a Z<10, sorface area <5 m2/g, and >0, @ = (Max peak height d3/dV in
Regime 1} / {Max peak height d(3/dV in Regime 11}, wherein 4Q/dV is measured in
a half-cell coin cell, and regime | is 0.8V-0.4V and Regime 1l {s 0.15V-0V, and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises

>70% microporosity.

Ewbodiment 71. A silicon-carbon composite comprising 40% to 60% silicon by
weight, a Z<10, swriace area <5 m/g, and =01, ¢ = {(Max peak height d{3/dV in
Regime I} / {Max peak height dQ/dV in Regime ili}, wherein dQ/dV is measured in
a half-cell coin cell, and regime I is 0.8V-0.4V and Regime Il is 0.15V-0V, and a
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carbon scaffold comprising a pore volume, wherein the pore volume comprises

>70% microporosity.

Embeodiment 72. A silicon-carbon composite comprising 40% to 609% silicon by
weight, a Z<510, surface area <30 m2/g, and >0, ¢ = {Max peak height dQ/dV in
Regime I} / {Max peal height 4G /dV in Regime 1), wherein dGQ/dV is measured in
a half-cell coin cell, and regime 1 is 0.8V-0.4V and Regime 1l is 0.15V-0V, and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises

>80% microporosity.

Embeodiment 73, A silicon-carbon composite comprising 40% to 60% silicon by
weight, a Z<10, surface area <30 m2/g, and p20.1, @ = (Mag peak height dQ/dV in
Regime [} / {Max peak height dQ/4V in Reglime HI), wherein dQ/dV is measured in
a half-cell coin cell, and regime [ is 0.8V-0.4V and Regime Il is 0.15V-0V, and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises

>80% microporosity.

Embodiment 74. A silicon-carbon composite comprising 40% to 60% silicon by
weight, 8 2210, surface aren <10 m2fg, and >0, @ = {Max peak height dQ/dV in
Regime 1} / {Max peak beight dQ/dV in Regime 111}, wherein dQ/dV is measured in
a half-cell coin cell, and regime | {s .8V-(.4V and Regime {1 is 0.15V-0V, and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises

>80% microporosity.

Embodiment 73, A silicon-carbon composite comprising 40% 1o 60% silicon by
weight, a Z<10, sorface area <10 m2/g, and @20.12, ¢ = {(Max peak height dQ/dV in
Regime 1} / {Max peak height d(3/dV in Regime 11}, wherein 4Q/dV is measured in
a half-cell coin cell, and regime | is 0.8V-0.4V and Regime 1l {s 0.15V-0V, and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises

>80% microporosity.

Ewbodiment 76, A silicon-carbon composite comprising 40% to 60% silicon by
weight, a Z<10, surface area <5 m2fg, and @>0, ¢ = (Max peak height dQ/dV in
Regime I} / {Max peak height dQ/dV in Regime ili}, wherein dQ/dV is measured in
a half-cell coin cell, and regime I is 0.8V-0.4V and Regime Il is 0.15V-0V, and a
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carbon scaffold comprising a pore volume, wherein the pore volume comprises

>80% microporosity.

Embeodiment 77. A silicon-carbon composite comprising 40% to 609% silicon by
weight, a Z<110, surface area <3 m2/g, and @20.1, o = {(Max peak height dQ/dV in
Regime 1} / {Max peak height d3/dV in Regime U1}, wherein dQ/dV is measured in
a half-cell coin cell, and regime 1 is 0.8V-0.4V and Regime 1l is 0.15V-0V, and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises
>80% microporosity.

Embeodiment 78, A silicon-carbon composite comprising 40% to 60% silicon by
weight, 8 Z<10, surface area <30 m2/y, and >0, i = (Max peak height dQ/dV in
Regime [} / {Max peak height dQ/4V in Reglime HI), wherein dQ/dV is measured in
a half-cell coin cell, and regime [ is 0.8V-0.4V and Regime Il is 0.15V-0V, and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises

>90% microporosity.

Embodiment 79. A silicon-carbon composite comprising 40% to 60% silicon by
weight, 8 2210, surface area <30 n2fg, and 20.1, = {Max peak height dQ/dV in
Regime 1} / {Max peak beight dQ/dV in Regime 111}, wherein dQ/dV is measured in
a half-cell coin cell, and regime | {s .8V-(.4V and Regime {1 is 0.15V-0V, and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises

>90% microporosity.

Embodiment 80, A silicon-carbon composite comprising 40% 1o 60% silicon by
weight, a Z<10, surface area <10 m2/g, and @>0, @ = {(Max peak height d3/dV in
Regime 1} / {Max peak height d(3/dV in Regime 11}, wherein 4Q/dV is measured in
a half-cell coin cell, and regime | is 0.8V-0.4V and Regime 1l {s 0.15V-0V, and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises

>90% microporosity.

Ewbodiment 81. A silicon-carbon composite comprising 40% to 60% silicon by
weight, 8 Z<10, surface area <10 m2/g, and ¢20.1, @ = {Max peak height dQ/dV in
Regime I} / {Max peak height dQ/dV in Regime ili}, wherein dQ/dV is measured in
a half-cell coin cell, and regime I is 0.8V-0.4V and Regime Il is 0.15V-0V, and a
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carbon scaffold comprising a pore volume, wherein the pore volume comprises

>90% microporosity.

Embodiment §2. A silicon-carbon composite comprising 40% to 609% silicon by
weight, a Z<110, surface area <3 m2/g, and >0, @ = {Max peak height dQ/dV in
Regime I} / {Max peak height d(3/dV in Regime U1}, whereln dQ/dV is measured in
a half-cell coin cell, and regime 1 is 0.8V-0.4V and Regime 1l is 0.15V-0V, and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises
>90% microporosity.

Embeodiment 83, A silicon-carbon composite comprising 40% to 60% silicon by
weight, a Z<10, surface area <5 m2/g, and @20.1, ¢ = (Max peak height 4Q/dV in
Regime [} / {Max peak height dQ/4V in Reglime HI), wherein dQ/dV is measured in
a half-cell coin cell, and regime [ is 0.8V-0.4V and Regime Il is 0.15V-0V, and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises

>90% microporosity.

Embodiment 84. A silicon-carbon composite comprising 40% to 60% silicon by
weight, 8 Z <10, surface area <30 m24g, and >0, 1 = {(Max peak height dQ/dV in
Regime 1} / {Max peak beight dQ/dV in Regime 111}, wherein dQ/dV is measured in
a half-cell coin cell, and regime | {s .8V-(.4V and Regime {1 is 0.15V-0V, and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises

>95% microporosity.

Embodiment 83, A silicon-carbon composite comprising 40% 1o 60% silicon by
weight, a 7 <10, surface area <80 m2ig, and =01, ¢ = {Max peak height dQ/dV in
Regime 1} / {Max peak height d(3/dV in Regime 11}, wherein 4Q/dV is measured in
a half-cell coin cell, and regime | is 0.8V-0.4V and Regime 1l {s 0.15V-0V, and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises

>95% microporosity.

Ewbodiment 86, A silicon-carbon composite comprising 40% to 60% silicon by
weight, a Z <10, surface area <10 m2/g, and ¢>0, ¢ = (Max peak height d{3/dV in
Regime I} / {Max peak height dQ/dV in Regime ili}, wherein dQ/dV is measured in
a half-cell coin cell, and regime I is 0.8V-0.4V and Regime Il is 0.15V-0V, and a
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carbon scaffold comprising a pore volume, wherein the pore volume comprises

>95% microporosity.

Embeodiment §7. A silicon-carbon composite comprising 40% to 609% silicon by
weight, a Z <10, surface area <10 m2/y, and p20.1, ¢ = {Max peak height dQ/dV in
Regime 1} / {Max peak height d3/dV in Regime U1}, wherein dQ/dV is measwred in
a half-cell coin cell, and regime 1 is 0.8V-0.4V and Regime 1l is 0.15V-0V, and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises
>95% microporosity.

Embodiment 88. A silicon-carbon composite comprising 40% to 60% silicon by
weight, 8 £ <10, surface area <3 m2{g, and @0, ¢ = {Max peak height dQ/dV in
Regime [} / {Max peak height dQ/4V in Reglime H1), wheyein dQ/dV is measured in
a half-cell coin cell, and regime [ is 0.8V-0.4V and Regime Il is 0.15V-0V, and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises

>95% microporosity.

Embodiment 89 A silicon-carbon composite comprising 40% to 60% silicon by
weight, & Z <10, sorfhee area <05 m2/p, and 20.1, @ = [Max peak height dQ/dV in
Regime 1} / {Max peak beight dQ/dV in Regime 111}, wherein dQ/dV is measured in
a half-cell coin cell, and regime | {s .8V-(.4V and Regime {1 is 0.15V-0V, and a
carbon scaffold comprising a pore volume, wherein the pore volume comprises

>95% microporosity.

Embodiment 90, The stlicon-carbon compostie of gnv of the embodiments from
Embodiment 57 10 Embodimem 89 wherein the silicon-carbon composite comprises a

D30 between § am and 20 microns.

Embodiment 91. The silicon-carbon composite of any of the embodiments from
Embodiment 37 to Embodiment 89 wherein the silicon~-carbon composite comprises a

capacity of greater than 900 mA/g.
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Embodiment 92. The silicon-carhon composite of any of the embodiments from
Embediment 37 to Embediment 89 wherein the silicon-carbon composite comprises a
capacity of greater than 1300 mA/g.

Embadiment 93. The silicon-carbon composite of any of the embodiments from
Embodiment 37 1o Embodiment 89 wherein the silicon-carbon composite comprises a
capacity of greater than 1600 mA/g.

Embodiment 94. An energy storage device comprising a silicon-carbon composite
described by any of the embodiments from Embodiment §7 to Embodiment §2.

Embodiment 95, A lithivm jon baitery comprising a silicon-carbon composite

described by any of the embodiments from Embodiment 57 to Embodiment 89

Embodiment %, Any one of embodiments, 1-95, wherein @20.11.

Embodiment 97. Any one of embodiments, 1-95, wherein ¢>0.12.

Embadiment 98, Any one of embodiments, 1-95, wherein ¢>0.13.

Embodiment 99, Aay one of embodiments, 1-95, wherein ¢>0.14.

Embodiment 100. Any one of embodiments, 1-95, wherein ¢>0.15.

From the foregoing it will be appreciated that, although specific embodiments of
the invention have been described herein for puwpeses of illustration, various
medifications may be made without deviating from the spirit and scope of the invention,
Accordingly, the invention is not limited exceptl as by the appended clabms,

All of the US. patents, U.S. patent application publications, 1.8, patent
applications, foreign patents, forelgn patent applications and non-patent publications
referred to in this specification and/or histed in the Application Data Sheet, including but
not himited to U.S. Application Serial No. 16/996,094 filed August 18, 2020, US.
Provisional Patent Application Serial No. 63/075,566, filed September 8, 2020, US.
Patent Application Serial Neo. 17/336,104 filed June 1, 2021 and U.S. Patent Application
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Serial No. 17/336,085 filed June 1, 2021, are incorporated herein by reference, in their
entirety.
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A silicon-carbon composite eomprising:

b.

a carbon scaffold comprising a porg volume, whetein the pore volume
comprises greater than 70% microporosity;

a silicon content of 40% 1o 60% by weight;

a 7 of less than 10, wherein £ = 1 875 x [(M1100 — M¥M1100] x 1009,
wherein M1100 15 a mass of the silicon-carbon composite at 1100 °C and
M is the minfmur mass of the stlicon-carbon composite between 800 °C
and 1100 °C when the silicon-carbon composite is heated under air from
abowt 25 °C to about 1100 °C, as determined by thermogravimetric
analysis;

a surface avea less than 30 m¥/g; and

a @ of greater than or equal to 0.1, wherein ¢ = {(Max peak height 8Q/dV
wm Regime 1/ (Max peak height dQ/dV 1o Regime HI), wheren dQAdV is
measured in g half-cell cotn cell, and Regime 1is 0.8V-0.4V and Regime
s 0.13V-0V,

The siliconscarbon composite of claimy 1, whereiny the pore volume comprises

greater than 30% microporosity.

The silicon-carbon composite of claim 2, wherein the pore volume comprises

greater than 90%% microporosity,

The sthicop-carbon composite of claim 2, wherein the pore volume comprises

greater than 95% microporosity.

The silicon-carbon composite of any one of claim 1, comprising a swrface area

less than 10 m¥ie.

The siticon-carbon composite of claim 2, comprising a surface area less than 10

N
nrig.

The silicon-carbon composite of elaim 3, comprising a surface area less than 10

Tier
mrig.
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10,

14,

16,

i7.

I8,

19,

20.

21,

22,

The silicon-carbon composite of claim 1, wherein the Z is less than 5.

The silicon-carbon composite of claim 2, wherein the Z s less than 3.

The silicon-carbon compesite of claim 3, wherein the Z 18 less than 5.

. The silicon carbon composite of claim 1, wherein the silicon-carbon composite

comprises a DvS0 ranging from 5 nm 10,20 microns.

. The silicon carbon composite of claim 2, wherein the silicon-carbon composite

comyprises a Dv30 ranging from § nm to 20 microns.

. The silicon carbon composite of claim 3, wherein the silicon-carhon composite

conyrrises & DvA0 ranging from 5 nm to 20 microns.

The silicon carbon composite of claim 1, wherein the silicon-carbon composite
comprises a capacity of greater than 900 mA/g.

. The silicon carbon composite of clatm 2, wherein the silicon-carbon composite

comprises a capacity of greater than 900 mavg.

The stlicon carbon composite of clamm 3, wherein the sihcon-carbon composite
comprises a capacity of greater than 900 mA/g,

The silicon-carbon composite of claim 1, farther comprising lithivm ions.
The silicon-carbon compostte of claim 2, further comprising lithiwmn ions.
The silicon-carbon composite of claim 3, hurther comprising Hithium ions.
The silicon-carbon composite of any one of claims {~19, wherein @>0.11.
The silicon-carbon composiie of any one of claims 1-19, wherein 20,12,

The silicon-carbon composite of any one of claims 1-19, wherein ¢>0.13.
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23. The silicon-carbon composite of any one of claims 1419 wherein @=>0.14.
i} h

24. The silicon-carbon composite of any one of claims 1-19, wherein ¢20.15.

&0



