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SURFACE MODIFICATION OF SILICON
PARTICLES FOR ELECTROCHEMICAL

STORAGE
BACKGROUND
[0001] Field of the Invention
[0002] The present invention relates to composite materi-

als that include silicon and carbon. In particular, the present
invention relates to composite materials for use in battery
electrodes.

[0003] Description of the Related Art

[0004] A lithium ion battery typically includes a separator
and/or electrolyte between an anode and a cathode. In one
class of batteries, the separator, cathode and anode materials
are individually formed into sheets or films. Sheets of the
cathode, separator and anode are subsequently stacked or
rolled with the separator separating the cathode and anode
(e.g., electrodes) to form the battery. For the cathode,
separator and anode to be rolled, each sheet must be suffi-
ciently deformable or flexible to be rolled without failures,
such as cracks, brakes, mechanical failures, etc. Typical
electrodes include electro-chemically active material layers
on electrically conductive metals (e.g., aluminum and cop-
per). Films can be rolled or cut into pieces which are then
layered into stacks. The stacks are of alternating electro-
chemically active materials with the separator between
them.

SUMMARY OF THE INVENTION

[0005] In a certain embodiment, a composite material film
is provided. The composite material film can include greater
than 0% and less than about 90% by weight of silicon
particles and greater than 0% and less than about 90% by
weight of one or more types of carbon phases. Furthermore,
substantially all of the silicon particles have surface coatings
comprising silicon carbide or a mixture of carbon and silicon
carbide and at least one of the one or more types of carbon
phases is a substantially continuous phase.

[0006] In some embodiments, the average particle size of
the silicon particles may be from about 0.1 um to about 30
um. In some embodiments, the silicon particles are from
about 90% pure silicon to about 100% pure silicon.

[0007] In some embodiments, the surface coatings may
include silicon monoxide (SiO), silicon dioxide (SiO,), or
silicon oxide (SiO,). In some embodiments, the surface
coatings may be a substantially continuous layer.

[0008] Insome embodiments, the composite material may
be self-supported. In some embodiments, at least one of the
one or more types of carbon phases that is a substantially
continuous phase may be electrochemically active and elec-
trically conductive.

[0009] In certain embodiments a lithium-ion battery elec-
trode that includes the composite material described herein
is provided.

[0010] In certain embodiments, a method of forming a
composite material is provided. The method can include
providing a mixture comprising a precursor and silicon
particles, pyrolyzing the precursor to convert the precursor
into one or more types of carbon phases, and forming silicon
carbide on at least a portion of silicon particles.

[0011] In some embodiments, the silicon carbide and/or
one of the one or more types of carbon phases may form
substantially continuous layers on the silicon particles. In
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some embodiments, forming silicon carbine may comprise
reacting one of the one or more types of carbon phases with
the silicon particles. Furthermore, reacting one of the one or
more types of carbon phases with the silicon particles may
comprise reacting one or more types of carbon phases with
native silicon oxide layers of the silicon particles in some
embodiments.

[0012] Pyrolyzing the precursor may include heating the
mixture to a temperature of about 750° C. to about 1300° C.
In some embodiments, pyrolyzing the precursor may include
heating the mixture to a temperature of about 800° C. to
about 1200° C. In some embodiments pyrolyzing the pre-
cursor may include heating the mixture to a temperature of
about 1175° C.

[0013] In certain embodiments, the method may further
include casting the mixture on a substrate, drying the mix-
ture to form a film, removing the film from the substrate, and
curing the film in a hot press.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG. 1 illustrates an embodiment of a method of
forming a composite material that includes forming a mix-
ture that includes a precursor, casting the mixture, drying the
mixture, curing the mixture, and pyrolyzing the precursor.
[0015] FIG. 2 is a schematic illustration of the formation
of silicon carbide on a silicon particle.

[0016] FIG. 3 illustrates the Raman spectrum of a com-
posite anode film before pyrolysis.

[0017] FIG. 4 illustrates the Raman spectrum of a com-
posite anode film pyrolyzed at 600° C.

[0018] FIG. 5 illustrates the Raman spectrum of a com-
posite anode film pyrolyzed at 850° C.

[0019] FIG. 6 illustrates the Raman spectrum of a com-
posite anode film pyrolyzed at 900° C.

[0020] FIG. 7 illustrates the Raman spectrum of two
different composite anode films pyrolyzed at 1175° C.
[0021] FIG. 8 illustrates the Raman spectrum of a com-
posite anode film pyrolyzed at 1200° C.

[0022] FIG. 9 illustrates the Raman spectrum of a com-
posite anode film pyrolyzed at 1500° C.

[0023] FIG. 10 illustrates the Raman peak intensity ratios
for composite anode films pyrolyzed at different tempera-
tures.

[0024] FIG. 11 illustrates the X-ray diffraction (XRD)
patterns of sample composite anode films pyrolyzed at
different temperatures.

[0025] FIG. 12 illustrates a thermogram of the a composite
anode film sample.

[0026] FIG. 13A illustrates a scanning transmission elec-
tron microscopy (STEM) image a composite anode film
pyrolyzed at 1175° C.

[0027] FIGS. 13B-C show corresponding energy disper-
sive spectroscopy (EDS) elemental maps of C and Si of the
composite anode film in FIG. 13A.

[0028] FIG. 14A illustrates a STEM image a composite
anode film pyrolyzed at 1500° C.

[0029] FIGS. 14B-C show corresponding energy disper-
sive spectroscopy (EDS) elemental maps of C and Si of the
composite anode film in FIG. 14A.

[0030] FIG. 15A-H illustrate EDS maps of composite
anode films pyrolyzed at different temperatures.

[0031] FIG. 151 is a STEM image of an exemplary Si
particle.
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[0032] FIG. 15] illustrates a linear scan of the exemplary
Si particle shown in FIG. 151

[0033] FIG. 16 is a plot of the reversible (discharge) and
irreversible capacity as a function of pyrolysis temperature
for composite anode film samples.

[0034] FIG. 17 illustrates the ratio between the first dis-
charge capacity and the first charge capacity of composite
anode films pyrolyzed at different temperatures.

[0035] FIG. 18 illustrates percent weight loss after pyroly-
sis of composite anode films pyrolyzed at different tempera-
tures.

[0036] FIG. 19 illustrates the summarized specific capaci-
ties of full lithium ion battery cells including composite
anode films pyrolyzed at different temperatures.

[0037] FIG. 20 illustrates charge and discharge capacities
for composite anode films pyrolyzed at different tempera-
tures.

[0038] FIG. 21 illustrates the discharge voltage profiles of
composite anode films pyrolyzed at different temperatures.
[0039] FIG. 22 illustrates cycling performance of full
scale battery cells samples with anode specific capacities of
1.137 Alh/g and 0.969 Ah/g.

[0040] FIGS. 23A-D illustrates the electrochemical
impedance spectroscopy data of composite anode films
pyrolyzed at different temperatures.

DETAILED DESCRIPTION

[0041] Typical carbon anode electrodes include a current
collector such as a copper sheet. Carbon is deposited onto
the collector along with an inactive binder material. Carbon
is often used because it has excellent electrochemical prop-
erties and is also electrically conductive. The carbonized
polymer can form a substantially continuous conductive
carbon phase in the entire electrode as opposed to particulate
carbon suspended in a non-conductive binder in one class of
conventional lithium-ion battery electrodes. Advantages of a
carbon composite blend that utilizes a carbonized polymer
can include, for example, 1) higher capacity, 2) enhanced
overcharge/discharge protection, and 3) lower irreversible
capacity due to the elimination (or minimization) of metal
foil current collectors.

[0042] Anode electrodes currently used in the recharge-
able lithium-ion cells typically have a specific capacity of
approximately 200 milliamp hours per gram (including the
metal foil current collector, conductive additives, and binder
material). Graphite, the active material used in most lithium
ion battery anodes, has a theoretical energy density of 372
milliamp hours per gram (mAh/g). In comparison, silicon
has a high theoretical capacity of 4200 mAh/g. Silicon,
however, swells in excess of 300% upon lithium insertion.
Because of this expansion, anodes including silicon should
be able to expand for the silicon to maintain electrical
contact.

[0043] This application also describes a new method of
creating monolithic, self-supported anodes using a carbon-
ized polymer. Because the polymer is converted into an
electrically conductive and electrochemically active matrix,
the resulting electrode is electrically conductive. The con-
verted polymer also acts as an expansion buffer and/or acts
as a rigid matrix holding the electrode together for silicon
particles during cycling so that a high cycle life can be
achieved. Further, in certain embodiments, converted poly-
mer may react with a native silicon dioxide surface layer on
the silicon particles. In some embodiments, the surface of
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the particles is modified to from a surface coating thereon,
which may further act as an expansion buffer for silicon
particles during cycling. In certain embodiments, the result-
ing electrode is an electrode that is comprised substantially
of active material. In further embodiments, the resulting
electrode is substantially active material. In some embodi-
ments the resulting electrode includes silicon particles hav-
ing surface coatings comprising silicon carbide. In some
embodiments the resulting electrode includes silicon par-
ticles having surface coatings comprising carbon and silicon
carbide. The electrodes can have a high energy density of
between about 500 mAh/g to about 2500 mAh/g that can be
due to, for example, 1) the use of silicon, 2) elimination or
substantial reduction of metal current collectors, and 3)
being comprised entirely (or almost entirely) of active
material.

[0044] The composite materials described herein can be
used as an anode in most conventional lithium ion batteries;
they may also be used as the cathode in some electrochemi-
cal couples with additional additives. The composite mate-
rials can also be used in either secondary batteries (e.g.,
rechargeable) or primary batteries (e.g., non-rechargeable).
In certain embodiments, the composite materials are self-
supported structures. In further embodiments, the composite
materials are self-supported monolithic structures. For
example, a collector may not be included in the electrode
comprised of the composite material. In certain embodi-
ments, the composite material can be used to form carbon
structures discussed in U.S. patent application Ser. No.
12/838,368 entitled “Carbon Electrode Structures for Bat-
teries,” the entirety of which is hereby incorporated by
reference. Furthermore, the composite materials described
herein can be, for example, silicon composite materials,
carbon composite materials, silicon carbide composite mate-
rials and/or silicon-carbon-silicon carbide composite mate-
rials.

[0045] FIG. 1 illustrates one embodiment of a method of
forming a composite material 100. For example, the method
of forming a composite material can include forming a
mixture including a precursor, block 101. The method can
further include pyrolyzing the precursor to convert the
precursor to a carbon phase. The precursor mixture may
include carbon additives such as graphene, graphite active
material, chopped or milled carbon fiber, carbon nanofibers,
carbon nanotubes, activated carbon, carbide derived carbon
and/or other carbons. After the precursor is pyrolyzed, the
resulting carbon material can be a self-supporting mono-
lithic structure. In certain embodiments, one or more mate-
rials are added to the mixture to form a composite material.
For example, silicon particles can be added to the mixture.
The carbonized precursor results in an electrochemically
active structure that holds the composite material together.
For example, the carbonized precursor can be a substantially
continuous phase. The silicon particles may be distributed
throughout the composite material. The pyrolyzed precursor
may form surface coatings on the silicon particles distrib-
uted throughout the composite material. Such surface coat-
ings may comprise silicon carbide, carbon, and/or a mixture
of silicon carbide and carbon. Advantageously, the carbon-
ized precursor can be a structural material as well as an
electro-chemically active and electrically conductive mate-
rial. In certain embodiments, material particles added to the
mixture are homogenously or substantially homogeneously
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distributed throughout the composite material to form a
homogeneous or substantially homogeneous composite.

[0046] The mixture can include a variety of different
components. The mixture can include one or more precur-
sors. In certain embodiments, the precursor is a hydrocarbon
compound. For example, the precursor can include polyamic
acid, polyimide, etc. Other precursors can include phenolic
resins, epoxy resins, and/or other polymers. The mixture can
further include a solvent. For example, the solvent can be
N-methyl-pyrrolidone (NMP). Other possible solvents
include acetone, diethyl ether, gamma butyrolactone, iso-
propanol, dimethyl carbonate, ethyl carbonate, dimethoxy-
ethane, ethanol, methanol, etc. Examples of precursor and
solvent solutions include PI-2611 (HD Microsystems),
PI-5878G (HD Microsystems) and VIEC PI-1388 (RBI,
Inc.). PI-2611 is comprised of >60% n-methyl-2-pyrrolidone
and 10-30% s-biphenyldianhydride/p-phenylenediamine.
PI-5878G is comprised of >60% n-methylpyrrolidone,
10-30% polyamic acid of pyromellitic dianhydride/oxyd-
ianiline, 10-30% aromatic hydrocarbon (petroleum distil-
late) including 5-10% 1,2,4-trimethylbenzene. In certain
embodiments, the amount of precursor in the solvent is
about 10 wt. % to about 30 wt. %. Additional materials can
also be included in the mixture. For example, as previously
discussed, silicon particles or carbon particles including
graphite active material, chopped or milled carbon fiber,
carbon nanofibers, carbon nanotubes, graphene, activated
carbons, and other conductive carbons can be added to the
mixture. In addition, the mixture can be mixed to homog-
enize the mixture.

[0047] In certain embodiments, the mixture is cast on a
substrate, block 102 in FIG. 1. In some embodiments,
casting includes using a gap extrusion or a blade casting
technique. The blade casting technique can include applying
a coating to the substrate by using a flat surface (e.g., blade)
which is controlled to be a certain distance above the
substrate. A liquid or slurry can be applied to the substrate,
and the blade can be passed over the liquid to spread the
liquid over the substrate. The thickness of the coating can be
controlled by the gap between the blade and the substrate
since the liquid passes through the gap. As the liquid passes
through the gap, excess liquid can also be scraped off. For
example, the mixture can be cast on a substrate comprising
a polymer sheet, a polymer roll, and/or foils or rolls made of
glass or metal. The mixture can then be dried to remove the
solvent, block 103. For example, a polyamic acid and NMP
solution can be dried at about 110° C. for about 2 hours to
remove the NMP solution. The dried mixture can then be
removed from the substrate. For example, an aluminum
substrate can be etched away with HCl. Alternatively, the
dried mixture can be removed from the substrate by peeling
or otherwise mechanically removing the dried mixture from
the substrate. In some embodiments, the substrate comprises
polyethylene terephthalate (PET), including for example
Mylar®. In certain embodiments, the dried mixture is a film
or sheet. In some embodiments, the dried mixture is cured,
block 104. A hot press can be used to cure and to keep the
dried mixture flat. For example, the dried mixture from a
polyamic acid and NMP solution can be hot pressed at about
200 [OC for about 8 to 16 hours. Alternatively, the entire
process including casting and drying can be done as a
roll-to-roll process using standard film-handling equipment.
The dried mixture can be rinsed to remove any solvents or
etchants that may remain. For example, de-ionized (DI)
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water can be used to rinse the dried mixture. In certain
embodiments, tape casting techniques can be used for the
casting. In other embodiments, there is no substrate for
casting and the anode film does not need to be removed from
any substrate. The dried mixture may be cut or mechanically
sectioned into smaller pieces.

[0048] The mixture further goes through pyrolysis to
convert the precursor to carbon, block 105. In some embodi-
ments, the resultant carbon further modifies the silicon
particle surface during pyrolysis. In certain embodiments,
the mixture is pyrolyzed in an inert atmosphere. For
example, an inert atmosphere, a vacuum and/or flowing
argon, nitrogen, or helium gas can be used. In certain
embodiments, the mixture is pyrolyzed in a reducing atmo-
sphere. For example, a reducing atmosphere, a vacuum
and/or flowing gas including H,, CO, or hydrocarbon gas
can be used. In some embodiments, the mixture is heated to
about 750° C. to about 1350° C. In some embodiments, the
mixture is heated to about 800° C. to about 1200° C. In some
embodiments, the mixture is heated to about 1175° C. For
example, polyimide formed from polyamic acid can be
carbonized at about 1175° C. for about one hour. In certain
embodiments, the heat up rate and/or cool down rate of the
mixture is about 10° C./min. A holder may be used to keep
the mixture in a particular geometry. The holder can be
graphite, metal, etc. In certain embodiments, the mixture is
held flat. After the mixture is pyrolyzed, tabs can be attached
to the pyrolyzed material to form electrical contacts. For
example, nickel, copper or alloys thereof can be used for the
tabs.

[0049] In certain embodiments, one or more of the meth-
ods described herein can be carried out in a continuous
process. In certain embodiments, casting, drying, curing and
pyrolysis can be performed in a continuous process. For
example, the mixture can be coated onto a glass or metal
cylinder. The mixture can be dried while rotating on the
cylinder to create a film. The film can be transferred as a roll
or peeled and fed into another machine for further process-
ing. Extrusion and other film manufacturing techniques
known in industry could also be utilized prior to the pyroly-
sis step.

[0050] Pyrolysis of the precursor results in a carbon mate-
rial (e.g., at least one carbon phase). In certain embodiments,
the carbon material is a hard carbon. In some embodiments,
the precursor is any material that can be pyrolyzed to form
a hard carbon. When the mixture includes one or more
additional materials or phases in addition to the carbonized
precursor, a composite material can be created. In particular,
the mixture can include silicon particles creating a silicon-
carbon (e.g., at least one first phase comprising silicon and
at least one second phase comprising carbon) or silicon-
carbon-carbon (e.g., at least one first phase comprising
silicon, at least one second phase comprising carbon, and at
least one third phase comprising carbon) composite mate-
rial.

[0051] Silicon particles can increase the specific lithium
insertion capacity of the composite material. Thus, silicon
particles may be used in battery electrodes (e.g., anode and
cathodes). Anode electrodes currently used in the recharge-
able lithium-ion cells typically have a specific capacity of
approximately 200 milliamp hours per gram (including the
metal foil current collector, conductive additives, and binder
material). Graphite, the active material used in most lithium
ion battery anodes, has a theoretical energy density of 372
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milliamp hours per gram (mAh/g). In comparison, silicon
has a high theoretical capacity of 4200 mAh/g. Silicon,
however, swells in excess of 300% upon lithium insertion.
When silicon absorbs lithium ions, it experiences a large
volume increase on the order of 300+ volume percent which
can cause electrode structural integrity issues.

[0052] In addition to volumetric expansion related prob-
lems, silicon is not inherently electrically conductive, but
becomes conductive when it is alloyed with lithium (e.g.,
lithiation). When silicon de-lithiates, the surface of the
silicon loses electrical conductivity. Furthermore, when sili-
con de-lithiates, the volume decreases which results in the
possibility of the silicon particle losing contact with the
matrix. The dramatic change in volume also results in
mechanical failure of the silicon particle structure, in turn,
causing it to pulverize. Pulverization and loss of electrical
contact have made it a challenge to use silicon as an active
material in lithium-ion batteries. In view of the silicon
expansion, ideal anodes including silicon should be able to
expand while allowing for the silicon to maintain electrical
contact with the silicon.

[0053] Some embodiments provide silicon particles that
can be used as an electro-chemically active material in an
electrode. The electrode may include binders and/or other
electro-chemically active materials in addition to the silicon
particles. For example, the silicon particles described herein
can be used as the silicon particles in the composite mate-
rials described herein. In another example, an electrode can
have an electro-chemically active material layer on a current
collector, and the electro-chemically active material layer
includes the silicon particles. The electro-chemically active
material may also include one or more types of carbon.
[0054] Advantageously, the silicon particles described
herein can improve performance of electro-chemically
active materials such as improving capacity and/or cycling
performance. Furthermore, electro-chemically active mate-
rials having such silicon particles may not significantly
degrade as a result of lithiation of the silicon particles.
[0055] A reduction in the initial size of the silicon particles
can prevent further pulverization of the silicon powder as
well as minimizing the loss of surface electrical conductiv-
ity. Furthermore, adding material to the composite that can
elastically deform with the change in volume of the silicon
particles can ensure that electrical contact to the surface of
the silicon is not lost. For example, the composite material
can include carbons such as graphite which contributes to
the ability of the composite to absorb expansion and which
is also capable of intercalating lithium ions adding to the
storage capacity of the electrode (e.g., chemically active).
Therefore, the composite material may include one or more
types of carbon phases.

[0056] In some embodiments, a largest dimension of the
silicon particles can be less than about 40 pum, less than about
1 um, between about 10 nm and about 40 pm, between about
10 nm and about 1 pm, less than about 500 nm, less than
about 100 nm, and about 100 nm. All, substantially all, or at
least some of the silicon particles may comprise the largest
dimension described above. For example, an average or
median largest dimension of the silicon particles can be less
than about 40 pm, less than about 1 um, between about 1 pm
and about 15 pm, between about 100 nm and about 10 pm,
between about 10 nm and about 40 pum, between about 10
nm and about 1 pm, between about 100 nm and about 10 um,
less than about 500 nm, less than about 100 nm, and about
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100 nm. Silicon particles of various sizes can be separated
by various methods such as by air classification, sieving or
other screening methods. For example, a mesh size of 325
can be used separate particles that have a particle size less
than about 44 pm from particles that have a particle size
greater than about 44 um.

[0057] Furthermore, the silicon particles may have a dis-
tribution of particle sizes. For example, at least about 90%
of the particles may have particle size, for example a
diameter or a largest dimension, between about 10 nm and
about 40 um, between about 1 pm and about 15 pm, between
about 10 nm and about 1 um, and/or larger than 200 nm.
[0058] In some embodiments, the silicon particles may
have an average surface area per unit mass of between about
1 to about 100 m*g, about 1 to about 80 m*/g, about 1 to
about 60 m*/g, about 1 to about 50 m*/g, about 1 to about
30 m?/g, about 1 to about 10 m*/g, about 1 to about 5 m*/g,
about 2 to about 4 m*/g, or less than about 5 m*/g.

[0059] Compared with the silicon particles used in con-
ventional electrodes, the silicon particles described herein
generally have a larger average particle size. In some
embodiments, the average surface area of the silicon par-
ticles described herein is generally smaller. Without being
bound to any particular theory, the lower surface area of the
silicon particles described herein may contribute to the
enhanced performance of electrochemical cells. Typical
lithium ion type rechargeable battery anodes would contain
nano-sized silicon particles. In an effort to further increase
the capacity of the cell, smaller silicon particles (such as
those in nano-size ranges) are being used for making the
electrode active materials. In some cases, the silicon par-
ticles are milled to reduce the size of the particles. Some-
times the milling may result in roughened or scratched
particle surface, which also increases the surface area.
However, the increased surface area of silicon particles may
actually contribute to increased degradation of electrolytes,
which lead to increased irreversible capacity loss.

[0060] The amount of silicon in the composite material
can be greater than zero percent by weight of the mixture
and composite material. In certain embodiments, the mixture
comprises an amount of silicon, the amount being within a
range of from about 0% to about 90% by weight, including
from about 30% to about 80% by weight of the mixture. The
amount of silicon in the composite material can be within a
range of from about 0% to about 35% by weight, including
from about 0% to about 25% by weight, from about 10% to
about 35% by weight, and about 20% by weight. In further
certain embodiments, the amount of silicon in the mixture is
at least about 30% by weight. Additional embodiments of
the amount of silicon in the composite material include more
than about 50% by weight, between about 30% and about
80% by weight, between about 50% and about 70% by
weight, and between about 60% and about 80% by weight.
Furthermore, the silicon particles may or may not be pure
silicon. For example, the silicon particles may be substan-
tially silicon or may be a silicon alloy. In one embodiment,
the silicon alloy includes silicon as the primary constituent
along with one or more other elements.

[0061] In certain embodiments, the silicon particles are at
least partially crystalline, substantially crystalline, and/or
fully crystalline. Furthermore, the silicon particles may be
substantially pure silicon. In some embodiments the silicon
particles may be from about 90% pure silicon to about 100%
pure silicon. The silicon particles may comprise a naturally
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occurring native oxide layer thereon. This native oxide layer
is present on the surface of the silicon particles and may
result from a reaction between the silicon particle and
oxygen present in the ambient environment. In some
embodiments the native oxide layer may comprise at least
one of silicon monoxide (SiO), silicon dioxide (Si0,), and
silicon oxide (SiO,).

[0062] The amount of carbon obtained from the precursor
can be about 50 weight percent from polymers such as
polyimide. In certain embodiments, the amount of carbon
from the precursor in the composite material is about 10%
to about 25% by weight. The carbon from the precursor can
be hard carbon. Hard carbon can be a carbon that does not
convert into graphite even with heating in excess of 2800
degrees Celsius. Precursors that melt or flow during pyroly-
sis convert into soft carbons and/or graphite with sufficient
temperature and/or pressure. Hard carbon may be selected
since soft carbon precursors may flow and soft carbons and
graphite are mechanically weaker than hard carbons. Other
possible hard carbon precursors can include phenolic resins,
epoxy resins, and other polymers that have a very high
melting point or are crosslinked. In some embodiments, the
amount of hard carbon in the composite material has a value
within a range of from about 10% to about 25% by weight,
about 20% by weight, or more than about 50% by weight. In
certain embodiments, the hard carbon phase is substantially
amorphous. In other embodiments, the hard carbon phase is
substantially crystalline. In further embodiments, the hard
carbon phase includes amorphous and crystalline carbon.
The hard carbon phase can be a matrix phase in the com-
posite material. The hard carbon can also be embedded in the
pores of the additives including silicon. The hard carbon
may react with some of the additives to create some mate-
rials at interfaces. For example, there may be a silicon
carbide layer between silicon particles and the hard carbon.
[0063] In certain embodiments heating the mixture to a
desired pyrolysis temperature may further result in the
surface modification of silicon particles present in the mix-
ture. In some embodiments pyrolysis of the mixture may
result in the formation of a surface coating on at least 50%
of the silicon particles present in the mixture. In some
embodiments pyrolysis of the mixture may result in the
formation of a surface coating on at least 60%, 70%, 80%,
90% or 99% of the silicon particles present in the mixture.
In some embodiments, the surface coatings form a substan-
tially continuous layer on the silicon particles.

[0064] In some embodiments, the carbonized precursor or
resin may contact the surface of the silicon particles. In
certain embodiments, the carbonized precursor in contact
with the silicon particle surface may be one or more types of
carbon phases resulting from pyrolysis of the precursor. The
one or more types of carbon phases of the carbonized
precursor in contact with the silicon particle surface may
react with the silicon particles during pyrolysis to thereby
form silicon carbide on the silicon particle surface. There-
fore, in some embodiments, the surface coatings may com-
prise carbon, silicon carbide, and/or a mixture of carbon and
silicon carbide.

[0065] In some embodiments, as described further below,
the silicon particles present in the mixture may comprise a
native silicon oxide (SiO, SiO,, SiOx) surface layer. In
certain embodiments, the carbonized precursor in contact
with the silicon particle surface may react with the naturally
occurring native silicon oxide surface layer to form silicon
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carbide. In some embodiments the carbonized precursor in
contact with the silicon particle surface may react with
substantially all of the native silicon oxide layer to form
silicon carbide. Therefore, the surface coatings on the silicon
particles may comprise, in some embodiments, carbon and
silicon carbide, wherein the surface coating is substantially
free of silicon oxide. In some embodiments a first portion of
the surface coatings may comprise silicon carbide while a
second portion may comprise a mixture of silicon carbide
and carbon. In some other embodiments, the carbonized
precursor in contact with the silicon particle surface may not
fully convert the native silicon oxide layer to silicon carbide,
and the resultant surface coating or coatings may comprise
carbon, silicon carbide, and one or more silicon oxides, such
as Si0, Si0,, and SiO,. In some embodiments, the carbon-
ized precursor in contact with the silicon particle surface
may be completely reacted, resulting in surface coatings that
comprise silicon carbide. In some embodiments substan-
tially all of the surface coatings may comprise silicon
carbide. In some embodiments, such surface coatings may
be substantially free of silicon oxide and/or carbon.

[0066] In certain embodiments, the pyrolyzed mixture can
include silicon particles having carbon and/or silicon carbide
surface coatings creating a silicon-carbon-silicon carbide
(e.g., at least one first phase comprising silicon, at least one
second phase comprising carbon, and at least a third phase
comprising silicon carbide) or silicon-carbon-carbon-silicon
carbide (e.g., at least one first phase comprising silicon, at
least one second phase comprising carbon, at least one third
phase comprising carbon, and at least a fourth phase com-
prising silicon carbide) composite material.

[0067] Additionally, surface coatings on the silicon par-
ticles described herein can help to constrain the outward
expansion of the silicon particle during lithiation. By con-
straining outward particle expansion during lithiation, the
surface coatings can help prevent mechanical failure of the
silicon particles and ensure good electrical contact. The
surface coatings can further enhance the electronic charge
transfer within the electrode. Controlled and optimized
surface modification of silicon particles in the anode may
also significantly improve capacity retention during cycling
of an associated battery cell.

[0068] Moreover, the surface coatings substantially affect
the reactions that occur between the anode materials and the
electrolyte within a battery. The surface coatings can help
reduce unwanted reactions. During high temperature pyroly-
sis, the formed surface coatings and the removal of
unwanted native oxide (SiO,) via conversion into more
stable and unreactive SiC can provide higher reversible
capacity with minimized irreversible capacity loss. Irrevers-
ible capacity loss can be due to formation and build-up of a
solid electrolyte interface (SEI) layer that consumes lithium.
This becomes a more prominent issue for silicon particles
because nano- and micro-scale silicon particles have large
surface areas and larger silicon particles tend to pulverize
during lithiation and delithiation which can introduce addi-
tional particle surface area. Additionally, irreversible capac-
ity loss can be due to the reaction of lithium with undesirable
native silicon oxides (Equation 1) which are unavoidable

during processing and storage of silicon anode materials.
SiO,+yLitye—Si+Li, 0, (Equation 1)

[0069] Therefore, the surface modification of the silicon
particles by carbon and/or silicon carbide may aid in the
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formation of a relatively stable sold electrolyte interface
layer and may reduce or eliminate the undesirable reaction
of lithium with native silicon oxides on the Si particle
surface (Equation 1).

[0070] FIG. 2 is a schematic illustration of the formation
of silicon carbide on a silicon particle as described above.
Initially, a silicon particle comprising a native silicon oxide
surface layer is provided in a mixture comprising a precursor
as described above. The pyrolyzed precursor in contact with
the surface of the silicon particle reacts with the native
silicon oxide layer of the silicon particle to form silicon
carbide. The carbonized precursor in contact with the silicon
particle surface is depicted here as continuous and confor-
mal, but may not be continuous or conformal in some other
embodiments. Further, in some embodiments, the silicon
carbide layer formed from the reaction between the native
silicon oxide layer and the carbonized precursor in contact
with the silicon particle surface may take the form of a
coating or dispersion within the composite anode film. As
shown in FIG. 21, in some embodiments the silicon carbide
may not be continuous or conformal on the silicon particle,
however in some other embodiments the silicon carbide may
be a continuous and/or conformal coating.

[0071] In certain embodiments, graphite particles are
added to the mixture. Advantageously, graphite can be an
electrochemically active material in the battery as well as an
elastic deformable material that can respond to volume
change of the silicon particles. Graphite is the preferred
active anode material for certain classes of lithium-ion
batteries currently on the market because it has a low
irreversible capacity. Additionally, graphite is softer than
hard carbon and can better absorb the volume expansion of
silicon additives. In certain embodiments, a largest dimen-
sion of the graphite particles is between about 0.5 microns
and about 20 microns. All, substantially all, or at least some
of the graphite particles may comprise the largest dimension
described herein. In further embodiments, an average or
median largest dimension of the graphite particles is
between about 0.5 microns and about 20 microns. In certain
embodiments, the mixture includes greater than 0% and less
than about 80% by weight of graphite particles. In further
embodiments, the composite material includes about 40% to
about 75% by weight graphite particles.

[0072] In certain embodiments, conductive particles
which may also be electrochemically active are added to the
mixture. Such particles can enable both a more electroni-
cally conductive composite as well as a more mechanically
deformable composite capable of absorbing the large volu-
metric change incurred during lithiation and de-lithiation. In
certain embodiments, a largest dimension of the conductive
particles is between about 10 nanometers and about 7
millimeters. All, substantially all, or at least some of the
conductive particles may comprise the largest dimension
described herein. In further embodiments, an average or
median largest dimension of the conductive particles is
between about 10 nm and about 7 millimeters. In certain
embodiments, the mixture includes greater than zero and up
to about 80% by weight conductive particles. In further
embodiments, the composite material includes about 45% to
about 80% by weight conductive particles. The conductive
particles can be conductive carbon including carbon blacks,
carbon fibers, carbon nanofibers, carbon nanotubes, etc.
Many carbons that are considered as conductive additives
that are not electrochemically active become active once
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pyrolyzed in a polymer matrix. Alternatively, the conductive
particles can be metals or alloys including copper, nickel, or
stainless steel.

[0073] In certain embodiments, an electrode can include a
composite material described herein. For example, a com-
posite material can form a self-supported monolithic elec-
trode. The pyrolyzed carbon phase (e.g., hard carbon phase)
of the composite material can hold together and structurally
support the particles that were added to the mixture. In
certain embodiments, the self-supported monolithic elec-
trode does not include a separate collector layer and/or other
supportive structures. In some embodiments, the composite
material and/or electrode does not include a polymer beyond
trace amounts that remain after pyrolysis of the precursor. In
further embodiments, the composite material and/or elec-
trode does not include a non-electrically conductive binder.
The composite material may also include porosity. For
example, the porosity can be about 5% to about 70%, about
5% to about 20%, about 5% to about 40%, about 30% to
about 60%, or 40% to about 70% by volume porosity.
[0074] The composite material may also be formed into a
powder. For example, the composite material can be ground
into a powder. The composite material powder can be used
as an active material for an electrode. For example, the
composite material powder can be deposited on a collector
in a manner similar to making a conventional electrode
structure, as known in the industry.

[0075] Incertain embodiments, an electrode in a battery or
electrochemical cell can include a composite material
described herein. For example, the composite material can
be used for the anode and/or cathode. In certain embodi-
ments, the battery is a lithium ion battery. In further embodi-
ments, the battery is a secondary battery, or in other embodi-
ments, the battery is a primary battery.

[0076] Furthermore, the full capacity of the composite
material may not be utilized during use of battery to improve
life of the battery (e.g., number charge and discharge cycles
before the battery fails or the performance of the battery
decreases below a usability level). For example, a composite
material with about 70% by weight silicon particles, about
20% by weight carbon from a precursor, and about 10% by
weight graphite may have a maximum gravimetric capacity
of about 2000 to 3000 mAh/g, while the composite material
may only be used up to an gravimetric capacity of about 550
to about 1600 mAh/g. Although, the maximum gravimetric
capacity of the composite material may not be utilized, using
the composite material at a lower capacity can still achieve
a higher capacity than certain lithium ion batteries. In certain
embodiments, the composite material is used or only used at
a gravimetric capacity below about 70% of the composite
material’s maximum gravimetric capacity. For example, the
composite material is not used at a gravimetric capacity
above about 70% of the composite material’s maximum
gravimetric capacity. In further embodiments, the composite
material is used or only used at a gravimetric capacity below
about 50% of the composite material’s maximum gravimet-
ric capacity or below about 30% of the composite material’s
maximum gravimetric capacity.

Examples

[0077] The below example processes for anode fabrication
generally include mixing components together, casting those
components onto a removable substrate, drying, curing,
removing the substrate, then pyrolyzing the resulting
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samples to form anodes. N-Methyl-2-pyrrolidone (NMP)
was typically used as a solvent to modify the viscosity of any
mixture and render it castable using a doctor blade approach.

[0078] Sample carbon and silicon composite anode films
were prepared according to methods described herein. The
sample anode films were then pyrolyzed under a range of
temperatures; 600° C., 850° C., 900° C., 1175° C., 1200° C.,
and 1500° C. A sample anode film was also left unpyrolyzed.
The composition of the various samples was then analyzed
using Raman spectroscopy. FIG. 3 illustrates the Raman
spectrum of a sample composite anode film before pyrolysis.
The Raman spectrum shows a Si peak centered around 520
cm™’. In contrast, the Raman spectrum features collected
from samples pyrolized between 600° C. and 1500° C.,
illustrated in FIGS. 4-9, demonstrate the existence of car-
bonaceous material, as is clearly indicated by the presence
of the intense D band centered around 1340 cm™" and the G
band centered around 1572 cm™".

[0079] The longitudinal optical (LO) and transverse opti-
cal (TO) peaks which indicate the presence of -SiC in the
composite anode samples are observed for composite anode
films pyrolyzed at 850° C. and above, as illustrated in FIGS.
5-9. No LO and TO peaks were detected in the Raman
spectrum of the unpyrolyzed composite anode film illus-
trated in FIG. 3, or in the Raman spectrum of the composite
anode film pyrolized at 600° C., as illustrated in FIG. 4.

[0080] The presence of an intense D band in the Raman
spectrum is associated with the defects or disorder in the
carbon of the sample composite anode films. As illustrated
in FIGS. 4-9, the intensity of the D and G bands increases
with an increase in the pyrolysis temperature of the com-
posite anode film samples. This increase in D and G band
intensity indicates that the composite anode film samples
pyrolyzed at higher temperatures have slightly higher levels
of disorder.

[0081] A 2D band centered around 2662 cm™" is a single
peak associated with sp2 carbon-carbon bonds, which are
similar to graphene bonds. As can be seen in FIGS. 8 and 9,
the 2D band starts to appear in sample composite anode
films pyrolyzed at 1200° C. and above. The presence of this
band in the Raman spectra suggests a higher graphitic nature
of the carbon present in the sample under high temperature
pyrolysis.

[0082] FIG. 10 illustrates the intensity ratios of LO and
TO peaks compared to the Si peak for composite anode film
samples that were pyrolyzed between 850° C. and 1500° C.
The ratios of LO and TO peak intensity to Si peak intensity
are all above 0.01 for these samples. The plot shows a trend
of increasing intensity ratios as the pyrolysis temperature
goes up, indicating an increase in the amount of SiC present
in the samples.

[0083] In addition to Raman spectroscopy, X-ray diffrac-
tion (XRD) was also used to characterize the composite
anode film samples. FIG. 11 illustrates the XRD patterns for
a number of sample composite anode films pyrolyzed at
temperatures from 600° C. to 1500° C. The XRD patterns of
the sample composite anode films pyrolyzed at 1250° C. and
below can be indexed as composites of polycrystalline
silicon with graphite. This corresponds with the conclusion
that samples pyrolyzed at 1250° C. and below are composed
of silicon particles and one or more carbon phases, as
described herein above. However, XRD patterns for the
samples pyrolyzed at 1400° C. and 1500° C. indicate that
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these samples are primarily composed of SiC and therefore
undesirable for use in lithium ion battery cells.

[0084] The rectangular box in FIG. 11 highlights the XRD
peaks associated with the formation of SiC for composite
anode films pyrolyzed under different temperatures. Only
traceable amounts of SiC are observed by XRD for com-
posite anode films pyrolyzed between 1050° C. and 1250°
C., which verifies that the generation of SiC during pyrolysis
occurs due to conversion of native SiO, to SiC, as is
expressed in Equation 2, below. The native SiO, in these
cases is present on the surfaces of silicon particles in the
composite anode film samples. Therefore the SiC generated
during pyrolysis is likewise located on the surfaces of the
silicon particles in the sample composite anodes

[0085] Differential thermal analysis (DTA) was performed
on an unpyrolyzed composite anode film prepared according
to methods disclosed herein. The DTA measurement was
performed in an ultrahigh purity Argon atmosphere under
ambient pressure from 20° C. to 1400° C. The thermogra-
vimetric analysis (TGA) data is illustrated in FIG. 12. The
composite anode film sample experienced a primary mass
loss starting at 550° C. and ending at 850° C. This mass loss
coincides with an endothermic reaction, which confirms that
this primary mass loss is due to carbonization of the resin in
the sample anodes. Without being bound by any one theory,
we believe that there are two exothermic reactions which
may occur at higher temperatures. Reaction 1 appears to be
centered at 1050° C. and reaction 2 appears to be centered
at 1350° C. Again, without wishing to be bound to any one
theory, the TGA data together with the Raman and XRD data
suggests that these two events are associated with carboth-
ermal reduction reactions between SiO,/Si and C, which
leads to the formation of SiC at the Si particle surface.
[0086] The proposed carbothermal reduction reactions
which occur at temperatures of 1300° C. and below are:

Si0,+C—=Si0+CO (Equation 2)

Si0+2C—S8iC+CO

[0087] Carbide formation is initially triggered at the inter-
face between the carbon and silicon in the sample once a
sufficient temperature (T) is reached for the reaction to
occur, which is about 800° C. Without wishing to be bound
by any one theory, we believe that under high temperatures,
here 1300° C. and above, the carbothermal reaction follows
this route:

(Equation 3)

Si (s)+C (5)—=SiC (s) (Equation 4)

[0088] The standard Gibbs free energy (AG®) values for all
above mentioned carbothermal reactions (Equations 2-4) are
negative, which suggests that the reactions of Equations 2-4
are thermodynamically favored reactions.

[0089] FIG. 13A shows a dark field scanning transmission
electron microscopy (STEM) image taken of a silicon par-
ticle of a composite anode film sample prepared according
to methods disclosed herein and pyrolyzed at 1175° C. The
Si particle is covered with a layer of material of a clearly
different phase than the primary Si phase. FIGS. 13B and
13C illustrate the corresponding Energy dispersive spectros-
copy (EDS) elemental mapping of C and Si, respectively.
The EDS map suggests that this layer is primarily composed
of'Si and C. The near identical shape and intensity difference
of'the C and Si elemental maps suggest the silicon particles
are coated with a uniform layer of C, with traceable amount
of silicon carbide.
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[0090] FIG. 14A shows a dark field STEM image of a
silicon particle of a composite anode film sample prepared
according to methods disclosed herein and pyrolyzed at
1500° C. FIGS. 14B and 14C illustrate the corresponding
Energy dispersive spectroscopy (EDS) elemental mapping
of C and Si, respectively. Here, as compared with FIGS. 13B
and 13C, the EDS maps suggest the formation of SiC.
[0091] FIGS. 15A-15H illustrates the EDS images of
composite anode film samples prepared according to meth-
ods disclosed herein and pyrolyzed at temperatures from
600° C. to 1500° C. The EDS maps for C (FIGS. 15A, 15C,
15E, and 15G) and Si (FIGS. 15B, D, F, and H) demonstrate
the evolution of C/SiC layers on Si particles for the com-
posite anode film samples. The C/SiC coatings on silicon
particles were observed to be nonuniform and uneven for
composite anode films pyrolyzed below 600° C. As depicted
in FIGS. 15C and 15D, uniform C/SiC coatings begin to
form on the surface of the silicon particles at pyrolysis
temperatures of 900° C. and above. FIG. 15] also illustrates
a linear scan of an exemplary Carbon coated Si particle as
shown in FIG. 15I. The linear scan suggests the surface is
carbon rich which is indicative of the formation of a C/SiC
coating on the silicon particle.

[0092] Referring again to FIGS. 3-10, the Raman spectra
show clear evidence of the existence of a SiC/C coating in
composite anode films pyrolyzed under temperatures above
900° C. However, SiC/C coatings may be present in films
pyrolyzed at temperatures as low as 750° C. and above.
[0093] Without wishing to be bound by any one theory,
according to observations from the collected XRD patterns
and microscopy data, there are two SiC formation mecha-
nisms for pyrolysis of the composite anode films under
different temperatures. For higher temperature range, about
1300° C. and above, the formation of SiC is primarily due
to solid state reaction between C and Si described above in
Equation 4. SiC formed under low pyrolysis temperatures,
such as below about 1300° C., is mainly due to the conver-
sion of the native oxide layer (SiO,) of the silicon particles
in the samples into SiC (Equations 2-3). It is believed that
the first, high temperature, mechanism triggers a side reac-
tion between Si and C (Equation 4) which causes the loss of
active material in the composite anode sample, here both Si
of the silicon particles and C. The standard Gibbs free
energy (AG®) carbothermal reaction carries a negative sign
which suggests this reaction is thermodynamically favored.
Thus, once it is triggered, a large amount of electrochemi-
cally unreactive electrically insulating SiC might be formed
in the composite anode sample. As a result, the capacity of
the composite film will drop and the electrical conductivity
will be worsened as the occurrence of the side reaction
increases. However, the conversion of unwanted and
unavoidable native oxide (Si0,) on the silicon particles into
SiC is proved to be beneficial by minimizing irreversible
capacity loss in the composite anode film.

[0094] These trends are demonstrated in FIG. 16, which is
a plot of the reversible (discharge) and irreversible capacity
as a function of pyrolysis temperature for composite anode
film samples. FIG. 16 shows that for pyrolysis temperatures
under 1200° C., the discharge capacity of the composite
anode film samples increases with the increase of pyrolysis
temperature while the irreversible capacity decreases with
the increasing of pyrolysis temperature. At pyrolysis tem-
peratures above 1200° C., the irreversible capacity tends to
stabilized and discharge capacity drops, as would be
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expected due to the loss of active material in the composite
anode sample from the solid state side reaction between Si
and C (Equation 4).

[0095] FIG. 17 illustrates the ratio between the first dis-
charge capacity down to 3.3V and the first charge capacity
of lithium ion battery cells including composite anode film
samples prepared according to methods described herein and
pyrolyzed at temperatures from about 750° C. to 1250° C.
The ratio of first discharge capacity to first charge capacity
increases with increasing pyrolysis temperatures. Without
wishing to be bound by any one theory, we believe that the
surface modification of the silicon particles in the composite
anode film samples with a SiC/C coating can help to
constrain the outward expansion of the silicon particles
during lithiation and enhance the electronic charge transfer
within the electrode, thereby improving capacity retention
during cycling.

[0096] FIG. 18 illustrates the weight loss after pyrolysis of
composite anode film samples prepared according to meth-
ods disclosed herein and pyrolyzed at temperatures from
about 750° C. to about 1250° C. An increase in weight loss
is observed in the composite anode film sample pyrolyzed
above 1200° C. Without wishing to be bound by any one
theory, it is believed that this increase in weight loss is due
to the unfavorable side reaction of Si and C to form SiC
(Equation 4) and the loss of active material in the composite
anode sample. Therefore, it is beneficial to perform pyroly-
sis at temperatures below about 1200° C. in order to avoid
this reaction in the composite anode samples.

[0097] FIG. 19 illustrates the summarized specific capaci-
ties of full lithium ion cells including composite anode films
pyrolyzed at temperatures from 750° C. to 1250° C. The
specific capacities of the cells begin to decrease after about
1175° C. It is believed that the increase in specific capacity
with increasing pyrolysis temperature is at least partially due
to the conversion of native SiO, of the silicon particles into
SiC, while at pyrolysis temperatures above about 1200° C.,
the conversion of active material into SiC leads to a decrease
in specific capacity.

[0098] FIG. 20 illustrates charge and discharge capacities
for composite anode film samples, both calendered (high
density) and noncalendered (low density), pyrolyzed at
temperatures from 850° C. to 1250° C. All of the samples
show identical charge capacity, however the conversion of
native SiO, of the silicon particles in the samples into SiC
helps to achieve relatively high discharge capacities which
thereby leads to a relatively high capacity in subsequent
charge/discharge cycles. FIG. 21 illustrates the discharge
voltage profiles of composite anode film samples prepared
according to methods described herein and pyrolyzed at
temperatures from 850° C. to 1250° C. Again, increasing
pyrolysis temperature, which leads to conversion of native
SiO, of the silicon particles in the samples into SiC, results
in improved sample performance.

[0099] Lithium ion batteries (2 Ah capacity pouch cell)
were fabricated with sample pyrolyzed composite anode
films prepared according to methods described herein.
Lithium cobalt oxide was used as a cathode material in the
battery cells. The cycling performance of the prepared
batteries was then tested. FIG. 22 illustrates the cycling
performance of two sample battery cells with specific anode
capacities of 1.137 Al/g and 0.969 Ah/g respectively. The
cycling performance demonstrates that batteries based on
composite anode films as described herein have good
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cycling stability and reversibility, with anode utilization at or
above 1 Ah/g which is about 3 times that of conventional
graphite based anodes.

[0100] FIGS. 23A-D illustrate the electrochemical imped-
ance spectroscopy data of lithium ion battery cells with
composite anode film samples pyrolyzed at different tem-
peratures. In addition to minimizing irreversible capacity
loss, it is believed that the SiC/C coatings on the silicon
particles of the composite sample anodes help to achieve
improved charge and ion transfer within the electrode,
thereby affecting the rate of performance of the composite
anode film. FIG. 23 A shows the electrical impedance spectra
for battery cells made with anode samples pyrolyzed at
temperatures ranging from 600° C.to 1500° C. It is clear that
the cells with anode samples pyrolyzed at 900° C. and 1200°
C. demonstrate significantly reduced impedance compared
to those cells with anode samples pyrolyzed at 600° C. and
1500° C. It is believed that this reduction in impedance is
due to the presence of SiC/C coatings on the silicon particles
of the anode samples pyrolyzed at 900° C. and 1200° C.
FIG. 23B shows an enlarged portion of the graph of FIG.
23 A near the origin. Here, again, it is clear that the SiC/C
coatings on the silicon particles of the anode samples
pyrolyzed at 900° C. and 1200° C. significantly reduce the
impedance of the corresponding cell when compared with
cells using anode samples pyrolyzed at 600° C. and 1500° C.

[0101] FIG. 23C shows the normalized trends for the
absolute impedance values of lithium ion battery cells using
anode samples pyrolyzed at temperatures ranging from 600°
C. to 1500° C. The graph has been normalized to have an
absolute highest value of 1. The difference in shape of the
impedance trends for the cells with anode samples pyrolyzed
at 900° C. and 1200° C. as compared to the cells with anode
samples pyrolyzed at 600° C. and 1500° C. evidences the
fact that SiC/C coatings were formed on silicon particles in
the anode samples pyrolyzed at 900° C. and 1200° C. and
not on the silicon particles in the anode samples pyrolyzed
at 600° C. and 1500° C. FIG. 23D illustrates a plot of the
imaginary portion of the impedance versus frequency for
lithium ion battery cells using anode samples pyrolyzed at
temperatures ranging from 600° C. to 1500° C. The plot
illustrates that the silicon particles of the anode samples
pyrolyzed at 900° C. and 1200° C. have SiC/C coatings
which serve to reduce the impedance of corresponding
lithium ion battery cells when compared with cells con-
structed with the anode samples pyrolyzed at 600° C. and
1500° C. Additionally, as seen in FIG. 20, those composite
anode films that were pyrolyzed at higher temperatures show
improved charge and ion transfer, which corresponds to the
presence of SiC/C coatings on the silicon particles of the
samples.

[0102] Various embodiments have been described above.
Although the invention has been described with reference to
these specific embodiments, the descriptions are intended to
be illustrative and are not intended to be limiting. Various
modifications and applications may occur to those skilled in
the art without departing from the true spirit and scope of the
invention as defined in the appended claims.
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What is claimed is:
1. A composite material film comprising:
greater than 0% and less than about 90% by weight of
silicon particles, wherein substantially all of the silicon
particles have surface coatings comprising silicon car-
bide or a mixture of carbon and silicon carbide;

greater than 0% and less than about 90% by weight of one
or more types of carbon phases, wherein at least one of
the one or more types of carbon phases is a substan-
tially continuous phase.

2. The composite material of claim 1, wherein an average
particle size of the silicon particles is from about 0.1 um to
about 30 pm.

3. The composite material of claim 1, wherein the silicon
particles are from about 90% pure silicon to about 100%
pure silicon.

4. The composite material of claim 1, wherein the surface
coatings include silicon monoxide (SiO), silicon dioxide
(S102), or silicon oxide (SiO,).

5. The composite material of claim 1, wherein the surface
coatings are a substantially continuous layer.

6. The composite material of claim 1, wherein the com-
posite material is self-supported.

7. The composite material of claim 1, wherein the at least
one of the one or more types of carbon phases that is a
substantially continuous phase is electrochemically active
and electrically conductive.

8. A lithium-ion battery electrode comprising the material
of claim 1.

9. A method of forming a composite material comprising:

providing a mixture comprising a precursor and silicon

particles; and

pyrolyzing the precursor to convert the precursor into one

or more types of carbon phases; and

forming silicon carbide on at least a portion of silicon

particles.

10. The method of claim 9, wherein the silicon carbide
and/or one of the one or more types of carbon phases forms
substantially continuous layers on the silicon particles.

11. The method of claim 9, wherein forming silicon
carbide comprises reacting one of the one or more types of
carbon phases with the silicon particles.

12. The method of claim 11, wherein reacting one of the
one or more types of carbon phases with the silicon particles
comprises reacting one or more types of carbon phases with
native silicon oxide layers of the silicon particles.

13. The method of claim 9, wherein pyrolyzing the
precursor comprises heating the mixture to a temperature of
about 750° C. to about 1300° C.

14. The method of claim 9, wherein pyrolyzing the
precursor comprises heating the mixture to a temperature of
about 800° C. to about 1200° C.

15. The method of claim 9, wherein pyrolyzing the
precursor comprises heating the mixture to a temperature of
about 1175° C.

16. The method of claim 9, further comprising:

casting the mixture on a substrate;

drying the mixture to form a film;

removing the film from the substrate; and

curing the film in a hot press.
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