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CARBON-COATED SILICON PARTICLE
POWDER AS THE ANODE MATERIAL FOR
LITHIUM ION BATTERIES AND METHOD

OF MAKING THE SAME

TECHNICAL FIELD OF THE INVENTION

[0001] The present invention relates to silicon/carbon com-
posite materials that are useful as electrode active materals in
batteries. More particularly, the present invention relates to
carbon-coated silicon particles that find particular use as elec-
trode materials, as well as methods for the manutacture of
said carbon-coated silicon particles.

BACKGROUND OF THE INVENTION

[0002] Synthetic graphites are widely used as standard
negative electrode materials 1n lithium 10n batteries. Other
carbonaceous materials are also widely used 1n such batteries
due to their efliciency and reasonable cost. Lithium 10n bat-
teries are primarily used as power sources in portable elec-
tronic devices. Compared to other classes of rechargeable
batteries such as nickel-cadmium and nickel-metal hydride
storage cells, lithium 10n cells have become increasingly
popular due to relatively high storage capacity and recharge-
ability.

[0003] Due to increased storage capacity per unit mass or
unit volume over similarly rated nickel-cadmium and nickel-
metal hydride storage cells, the smaller space requirements of
lithium 10n cells allow production of cells that meet specific
storage and delivery requirements. Consequently, lithium 1on
cells are popularly used 1n a growing number of devices, such
as digital cameras, digital video recorders, computers, etc.,
where compact size 1s particularly desirable from a utility
standpoint.

[0004] Nonetheless, rechargeable lithium 10n storage cells
are not without deficiencies. These deficiencies may be mini-
mized with the use of improved materials of construction.
Commercial lithium 10n batteries which use synthetic graph-
ite electrodes are expensive to produce and have low rela-
tively lithium capacities. Additionally, graphite products cur-
rently used 1n lithtum 10n electrodes are near their theoretical
limits for energy storage (372 mAhr/g). Accordingly, there 1s
a need 1n the art for improved electrode matenals that reduce
the cost of rechargeable lithium batteries and provide
improved operating characteristics, such as higher energy
density, greater reversible capacity and greater initial charge
elficiency. There also exists a need for improved methods for
the manufacture of such electrode matenals.

[0005] Silicon has been mnvestigated as an anode material
for lithium 1on batteries because silicon can alloy with a
relatively large amount of lithium, providing greater storage
capacity. In fact, silicon has a theoretical lithium capacity of
more than ten times that of graphite. However, pure silicon 1s
a poor electrode material because 1ts unit cell volume can
increase to more than 300% when lithiated. This volume
expansion during cycling destroys the mechanical integrity of
the electrode and leads to a rapid capacity loss during battery
cycling. Although silicon can hold more lithium than carbon,
when lithium 1s introduced to silicon, the silicon disintegrates
and results 1n less electrical contact which ultimately results
in decreased ability to recharge the storage cell.

[0006] Continuous research efforts in solving silicon vol-
ume expansion problems have yielded limited results. Sili-
con/carbon composite particles or powders have good cycle
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life compared to mechanical mixtures of carbon and silicon
powders made by milling or other mechanical methods. Thin
f1lm silicon-coated carbon particles or carbon-coated silicon
powders are potential replacements for graphite powders as
the anode material for next generation lithium 1on batteries.
However, chemical vapor deposition methods typically used
to apply silicon coatings or carbon coatings have intrinsic
shortcomings that include slow deposition rates and/or
expensive precursors for deposition. Vapor deposited silicon
films may be extremely expensive relative to the cost of bulk
silicon powders. Therefore, another method of manufactur-
ing coated silicon particles 1s needed.

SUMMARY OF THE INVENTION

[0007] The present mvention provides processes for the
manufacture of the silicon/carbon composite materials. The
silicon/carbon composite materials comprise coated silicon
particles that are combined with coated carbon particles;
wherein the resulting silicon/carbon composite particle 1s
turther coated with a layer of oxidized, carbon residue-form-
ing material. These carbon-coated silicon/carbon composite
particles are useful 1n the manufacture of electrodes 1n elec-
trical storage cells, particularly in rechargeable lithium 1on
clectrical storage cells.

[0008] The compositions of the invention provide high
capacity and high efficiency carbon-coated silicon/carbon
composite particles that can be derived from a wide variety of
carbon sources. In a further aspect of the invention, the sili-
con/carbon composite particle may be coated with multiple
layers of carbon residue forming material. In a still further
aspect of the invention, the coating layer(s) of the composite
particle may be optionally carbonized.

[0009] The compositions of the present invention provide
carbon-coated silicon/carbon composite particles with sub-
stantially smooth coatings. Additionally, the compositions
teature good powder flowability, which 1s particularly ben-
eficial during the handling or manufacturing steps necessary
to form these materials into usetul electrodes or 1nto other
articles not specifically described herein.

[0010] Infurther aspects of the invention there are provided
methods for the manufacture of such carbon-coated silicon/
carbon composite particles. The carbon-coated powders pre-
pared 1n accordance with the invention not only increase
charge efficiency but also provide excellent processability for
clectrode fabrication. In a yet further aspect of the invention
there are provided methods for the manufacture of electrical
storage cells, particularly rechargeable batteries that include
said carbon-coated composite particles. A still further aspect
ol the ivention relates to the use of said carbon-coated com-
posite particles i electrical storage cells, particularly in
rechargeable batteries.

[0011] These and other aspects and features of the mven-
tion will become apparent from the following description of
the invention and preferred embodiments thereof.

DESCRIPTION OF DRAWINGS

[0012] FIG. 1 shows a schematic view of a composite car-
bon-silicon particle according to the present invention.

[0013] FIG. 2 shows a comparison of charge and discharge
potential profiles on the first cycle for different low cut-oif
potentials for silicon/carbon composite particles and
uncoated silicon particles.
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[0014] FIG. 3 shows a scanning electron microscopy image
of silicon/carbon composite particles as prepared in Example
2.

[0015] FIG. 4 shows the discharge capacity and charge
eificiency within the charge/discharge potential window
between 0.09 and 1.5 volts during the first 5 cycles for the
s1licon/carbon composite particles produced 1n Example 2.
[0016] FIG. S shows the capacity and columbic efficiency
during charge/discharge cycles between 0.09 and 1.5 volts for
the composite silicon/carbon particles as prepared in
Example 3.

[0017] Like reference symbols in the various drawings
indicate like elements.

DETAILED DESCRIPTION

[0018] The present invention provides processes for the
manufacture of silicon/carbon composite particles, which
particles exhibit improved operating characteristics when
used as electrodes 1n electrical storage cells, particularly 1n
rechargeable electrical storage cells. Generally, the process
contemplates combining coated fine silicon powders with
coated carbonaceous particles to form a silicon/carbon com-
posite particle and further coating the composite particle with
a layer or layers of carbon residue-forming material.

[0019] More specifically, particles of a carbonaceous mate-
rial substrate are coated with a fusible, carbon residue-tform-
ing material. Particles of fine silicon powders, which have
been coated with a fusible, carbon residue-forming material,
are embedded onto the coated carbonaceous particle to form
a composite particle of silicon and carbonaceous matenals.
The silicon/carbon composite particle 1s further provided
with at least one coating of a fusible, carbon residue-forming
material. The coated silicon/carbon composite particle 1s
thereatter stabilized by subjecting said coated composite par-
ticle to an oxidation reaction using an oxidizing agent. The
stabilized coated composite particle 1s thereafter carbonized.
[0020] Whle 1t 1s possible to embed uncoated silicon par-
ticles onto a coated carbonaceous substrate material, it 1s
preferable that the silicon particles be coated prior to embed-
ding the silicon onto the carbonaceous substrate material to
achieve an enhancement in cycling ability and mechanical
strength over that of composite particle comprising uncoated
s1licon powder.

[0021] The silicon/graphite composite particle may be fur-
ther coated with additional layer(s) of carbon residue-form-
ing material following stabilization or optional carboniza-
tion.

[0022] It 1s preferable to apply a coating onto the carbon-
aceous particle prior to applying the silicon particles. It 1s
preferable to embed coated silicon particles onto the coated
carbonaceous substrate. Alternatively, uncoated silicon par-
ticles may be embedded onto the coated carbonaceous sub-
strate. Further, 1t 1s preferable to coat the silicon/carbon com-
posite particle to enhance the mechanical strength of the
composite, resulting in longer lasting silicon composite elec-
trodes. Preferably, the process provides carbon-coated sili-
con/carbon composite particles having substantially smooth
coatings. Optionally, the composite particles may be coated
repeatedly with carbon residue forming material to further
increase the mechanical strength of the particles.

[0023] In the preferred embodiment, particles of carbon-
aceous substrate material are required for the practice of the
invention. These may be obtained from a variety of sources,
examples of which include petroleum and coal tar cokes,
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synthetic and natural graphite, or pitches as well as other
sources ol carbonaceous materials that are known 1n the
manufacture of prior art electrodes, although these sources
are not elucidated here. Preferred sources of carbonaceous
materials include calcined or uncalcined petroleum cokes as
well as synthetic graphite. Preferred sources of carbonaceous
materials also include calcined or uncalcined, highly crystal-
line “needle” cokes. Particularly preferred sources of carbon-
aceous material include natural graphite and flake coke. Thus,
preferred carbonaceous materials are either graphitic materi-
als or materials which form graphite on heating to graphiti-
zation temperatures of 2200° C. or higher.

[0024] Fine particles of such carbonaceous substrate mate-
rial are conveniently provided by milling, crushing, grinding
or by any other means that can be used to provide a pulverant
carbonaceous substrate material having particles of dimen-
s1ons that are suitable for use 1n the formation of electrodes.
Although the principles of the present invention are believed
to be applicable to carbonaceous substrate particles of vary-
ing sizes and particle size distributions, preterred carbon-
aceous substrate particles having average particle sizes up to
about 50 um, more preferably from about 1 to about 30 um.

[0025] Particles of silicon are required for the practice of
the invention; such particles may be used alone or 1n conjunc-
tion with the carbonaceous substrate material. The purity of
the silicon may be of ordinary industrial strength, 1.e., 97-98
wt. %. Although the principles of the present invention are
believed to be applicable to silicon particles of varying sizes
and particle size distributions, preferred silicon particles hav-

ing average particle sizes up to about S0 um, more preferably
from about 0.03 to about 20 um.

[0026] According to steps in the inventive process, the sili-
con particles, carbonaceous substrate particles and silicon/
carbon composite particles are provided with a fusible, car-
bon residue-forming material as a coating material. Preferred
for use as coating materials are carbon residue-forming mate-
rials that are capable of being reacted with an oxidizing agent.
Preferred compounds include those with a high melting point
and a high carbon yield after thermal decomposition. Exem-
plary useful coating materials include heavy aromatic resi-
dues from petroleum, chemical process pitches; lignin from
pulp industry; phenolic resins; and carbohydrate materials
such as sugars and polyacrylonitriles. Especially preferred
for use as coating materials are petroleum and coal tar pitches
and lignin that are readily available and have been observed to
be effective as fusible, carbon residue-forming materials.

[0027] It 1s to be understood that the carbon residue-form-
ing material provided as the coating for the carbonaceous,
s1licon or silicon/carbon composite particles, as the case may
be, may be any material which, when oxidized and then
thermally decomposed in an 1nert atmosphere to a carboniza-
tion temperature of 850° C. or an even greater temperature
forms a residue which 1s “substantially carbon™. It 1s to be
understood that “substantially carbon” indicates that as the
residue 1s at least 95% by weight carbon, it 1s also preferred
that the carbon residue-forming material form at least 10%,
and preferably at least 40% and more preferably at least 60%
carbon residue on carbonization, based on the original mass
of the carbon residue-forming coating for the carbonaceous
substrate, silicon or silicon/carbon composite particle.

[0028] It should be understood that the coatings used for
one type of particle may vary signmificantly from the coatings
used for another type of particle. By way of non-limiting
examples, the carbon residue forming material provided as a
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coating for the carbonaceous substrate particles may be com-
posed of a completely different carbon residue forming mate-
rial as that provided as a coating for the silicon particles or for
that provided as a coating for composite particles. Further,
subsequent coatings provided for composite particles may be
composed of carbon residue forming materials that differ
from coatings applied to the carbonaceous or silicon particles,
or from the previous coatings on the composite particles.

[0029] Any organic compound that can be oxidized and
then thermally decomposed to yield carbon residue can be
used as the coating material. However, 1n coating processes in
which the organic compounds are dissolved in solvent, aro-
matics compounds that include various molecular weights are
preferred because of the mutual dissolution of the compound
with the solvent. Preferred compounds include those with a
high melting point and a high carbon vyield after thermal
decomposition (e.g., petroleum and coal tar pitches).

[0030] Any usetul technique for coating the carbonaceous,
s1licon or composite particles may be used. By way of non-
limiting examples, useful techniques include the steps of:
liquetying the carbon residue-forming material by a means
such as melting or forming a solution with a suitable solvent
combined with a coating step such as spraying the liquefied
carbon residue-forming material onto the subject particle, or
dipping the particle in the liquetied carbon residue-forming
material and subsequently drying out any solvent.

[0031] A particularly useful method of forming a uniform
coating of a carbon residue-forming material by precipitating
the material onto the surface of the carbonaceous, silicon or
s1licon/carbon composite particles 1s provided according to
the following process. First, a concentrated solution of the
carbon residue-forming material in a suitable solvent 1is
tformed. The solution of carbon residue-forming materal 1s
prepared by combining the carbon residue-forming material
with a solvent or a combination of solvents. The solvent
should be compatible with the carbon residue-forming mate-
rial and should dissolve all or a substantial portion of the
coating material. Solvents 1include pure organic compounds
or a mixture of different solvents. The choice of solvent(s)
depends on the particular coating material used.

[0032] Suitable solvents for dissolving the carbon residue-
forming material include, e.g., benzene, toluene, xylene,
quinoline, tetrahydrofuran, naphthalene, acetone, cyclohex-
ane, and tetrahydronaphthalene (sold by Dupont under the
trademark Tetralin), ether, water and methyl-pyrrolidinone,
etc. When petroleum or coal tar pitch 1s used as the carbon
residue-forming material or coating material, e.g., solvents
such as toluene, xylene, quinoline, tetrahydrofuran, Tetralin,
or naphthalene are preferred. The ratio of the solvent(s) to the
carbon residue-forming material for the carbonaceous, sili-
con or composite particle in the solution and the temperature
ol the solution 1s controlled so that the carbon residue-form-
ing material completely or almost completely dissolves into
the solvent. Typically, the solvent to carbon residue-forming
material ratio 1s less than 2, and preferably about 1 or less, and
the carbon residue-forming material 1s dissolved 1n the sol-
vent at a temperature that 1s below the boiling point of the
solvent.

[0033] Concentrated solutions wherein the solvent-to-sol-
ute ratio 1s less than 2:1 are commonly known as flux solu-
tions. Many pitch-type materials form concentrated tlux solu-
tions wherein the pitch 1s highly soluble when mixed with the
solvent at solvent-to-pitch ratios of 0.5 to 2.0. Dilution of
these flux mixtures with the same solvent or a solvent in
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which the carbon residue-forming material 1s less soluble
results in partial precipitation of the carbon residue-forming,
coating material. When this dilution and precipitation occurs
in the presence of a suspension of carbonaceous, silicon or
composite particles, the particles act as nucleating sites for
the precipitation. The result 1s an especially uniform coating
of the carbon residue material on the particles.

[0034] The coating layer of the subject particle, whether
carbonaceous substrate, silicon, or silicon/carbon composite,
can be applied by mixing the particles into a solution of
carbon residue-forming material directly. When the particles
are added to the solution of carbon residue-forming material
directly, additional solvent(s) 1s generally added to the result-
ing mixture to efiect partial precipitation of the carbon resi-
due-forming material. The additional solvent(s) can be the
same as or different than the solvent(s) used to prepare the
solution of the carbon residue-forming materials.

[0035] An alternative method to precipitation would
require a suspension of carbonaceous substrate, silicon or
silicon/carbon composite particles be prepared by homoge-
neously mixing the particles 1n the same solvent used to form
the solution of carbon residue-forming material, in a combi-
nation of solvent(s) or 1n a different solvent to a desired
temperature, preferably below the boiling point of the solvent
(s). The suspension of the target particles 1s then combined
with the solution of carbon residue-forming material causing
a certain portion of the carbon residue-forming maternal to
deposit substantially uniformly on the surface of the particles.

[0036] The total amount and morphology of the carbon
residue-forming material that precipitates onto the surface of
a particle depends on the portion of the carbon residue-form-
ing material that precipitates out from the solution, which 1n
turn depends on the difference 1n the solubility of the carbon
residue-forming material 1n the initial solution and 1n the final
solution. When the carbon residue-forming material 1s a
pitch, wide ranges of molecular weight species are typically
present. One skilled 1n the art would recognize that partial
precipitation of such a material would fractionate the material
such that the precipitate would be relatively high molecular
weight and have a high melting point, and the remaiming
solubles would be relatively low molecular weight and have a
low melting point compared to the original pitch.

[0037] The solubility of the carbon residue-forming mate-
rial 1n a g1ven solvent or solvent mixture depends on a variety
of factors including, for example, concentration, temperature,
and pressure. As stated earlier, dilution of concentrated flux
solutions causes solubility to decrease since the solubility of
the carbon residue-forming material 1n an organic solvent
increases with temperature, precipitation of the coating 1s
turther enhanced by starting the process at an elevated tem-
perature and gradually lowering the temperature during the
coating process. The carbon residue-forming material can be
deposited at either ambient or reduced pressure and at a
temperature of about -5° C. to about 400° C. By adjusting the
total ratio of the solvent to the carbon residue-forming mate-
rial and the solution temperature, the total amount and hard-
ness ol the precipitated carbon residue-forming material on
the carbonaceous, silicon or composite particles can be con-
trolled.

[0038] The suspension of carbonaceous substrate, silicon
or silicon/carbon composite particles 1n the final diluted solu-
tion of carbon residue-forming material generally has a ratio
of solvent to carbon residue-forming material of greater than
about 2; and preferably greater than about 4. It would be
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understood by one skilled 1n the art that the specific solvent to
carbon residue-forming pitch ratio at the conclusion of the
coating process depends on the carbon residue-forming mate-
rial and solvent selected for the process. On one hand, 1t 1s
desirable to use as little solvent as possible because of the cost
of solvent, while on the other hand, enough solvent 1s required
so that the particles can be dispersed in the solvent.

[0039] Upon completion of the precipitation step, the
coated particles are separated from the mixture of solvent,
particles, and carbon residue-forming material using conven-
tional methods, such as, for example, centrifugal separation,
or {iltration. The particles are optionally washed with solvent
to remove residual pitch (or other carbon forming residue
forming material) solution and dried using conventional
methods.

[0040] According to an mventive step of the process, the
s1licon/carbon composite particle 1s produced by co-precipi-
tating pitch onto a mixture of uncoated fine silicon powder
particles and coated, relatively coarse carbonaceous particles
simultaneously, thereby effectively embedding silicon par-
ticles onto the coating layer of the relatively large carbon-
aceous substrate particles. The resulting silicon/carbon com-
posite particle 1s therealter coated with pitch.

[0041] Altematively, the silicon/carbon composite particle
may be produced by separately coating silicon particles and
carbonaceous substrate particles with pitch 1n separate con-
tainers; thereafter the coated particles are mixed together in a
solution of pitch and solvent to embed the coated silicon
particle onto the coated carbonaceous substrate particle.

[0042] According to a further step of the invention process,
the coating layer of the silicon, carbon and silicon/carbon
composite particles are rendered partly or completely intus-
ible, preferably by oxidative stabilization. The coating of the
particles are stabilized by subjecting said particles to an oxi-
dation reaction using an oxidizing agent under appropriate
reaction conditions. Generally, only mild-to-moderate reac-
tion conditions are required. Typically, contacting the coated
particles with an oxidizing agent at mild conditions and acti-
vating the oxidizing agent at elevated conditions satisfacto-
rily perform the oxidation reaction. Contact with the oxidiz-
ing agent can occur at ambient temperatures (approximately
20° C.) or at moderately elevated temperatures (up to approxi-
mately 400° C.). Activation of the oxidizing agent would
typically occur at moderately elevated temperatures up to
400° C. Preterably the temperature of the oxidation reaction
1s maintained below the instantaneous melting point of the
coating matenal so as to insure that melting point of the
coating material 1s not exceeded during the oxidation reac-
tion.

[0043] According to a further step of the inventive process,
the stabilized coated silicon, carbonaceous substrate particles
or silicon/carbon composite particles may be optionally car-
bonized. The degree to which the surface of the coating 1s
rendered infusible by stabilization 1s dependent upon the type
of pitch used as well as the solvents or combination of sol-
vents used. Further, 1f multiple layers of coating are desired,
it 1s preferable to apply additional layers of coating following
stabilization or carbonization. The final coating on a compos-
ite particle with multiple coatings 1s preferably carbonized.

[0044] The stabilization step of the current invention is
carried out to render the surface of the coating layer infusible
to the subsequent carbonization. Oxidative stabilization
allows the smooth surface produced in the coating process to
be preserved in the coated composite particles of the instant
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invention, as the oxidative stabilization renders the surface of
the coating 1nfusible to the subsequent processing steps.

[0045] Heat treatment of the stabilized coated particles 1s
desirably conducted 1n a controlled manner in order to mini-
mize fusion of the particles. One skalled 1n the art will recog-
nize that highly stabilized, infusible, coated particles can be
heated relatively aggressively and quickly during carboniza-
tion. In contrast, relatively mildly stabilized coated particles
require slower heating in order to avoid excessive melting of
the coating and fusion of the particles. Use of a fluidized bed
during stabilization and heat treatment 1s especially beneficial
in preventing clumping and fusion of the coated particles.

[0046] With regard to the temperature required to insure
carbonization for coated particles, desirably this 1s achieved
by raising the temperature 1n a controlled manner from a
starting temperature, usually ambient temperature, to the final
carbonization temperature which falls within the above-i1den-
tified range of about 400° C. to about 1500° C., preferably
within the range of about 800° C. to about 1300° C., and more
preferably within the range of about 900° C. and 1200° C.

[0047] With regard to the atmospheric conditions for the
carbonization process for the stabilized coated particles, the
atmosphere may be ambient air up to about 850° C. but an
inert atmosphere 1s preferred at temperatures above about
400° C. Ambient air 1s an acceptable atmosphere when the
oxygen 1s largely displaced during heating or during heating
under vacuum. Suitable mnert atmospheres include nitrogen,
argon, helium, etc., which are non-reactive with the heated
coated particles.

[0048] It1s understood that during the heating of the coated
particles, particular attention must be paid to ensure that
neither the temperatures attained during this heating process,
nor the rate of the temperature rise during any part of the
heating process be such that the instantaneous melting point
of the coating on the particles 1s exceeded. More simply
stated, the thermal degradation of the coating 1s to be effected
by a controlled temperature rise wherein the process tempera-
ture 1s maintained at or below the instantaneous melting point
of the coating where said melting point 1s generally increas-
ing with time during the process. In view of this requirement,
preferred heating processes are those that exhibit slower rates
of temperature rise.

[0049] The most preferred aspects of the invention result 1n
the provision of a smooth coating upon the silicon/carbon
composite particles. Preferably the stabilization of the coat-
ing of the silicon/carbon composite particle 1s followed by
controlled heating of the coated stabilized silicon/carbon
composite particles so as to effect carbonization of the coated
particles with little or no clumping or self-adhesion of the
individual particles. The desired results are coated particles
with little or no broken fracture surfaces of the type which are
characteristically formed when the separate particles fuse and
must be crushed or broken apart in order to provide a free
flowing powder. Such fracture surfaces are desirably mini-
mized or avoided, as they are believed to contribute to low
clectrochemical efficiency when the particles are used as an
anode material in rechargeable electrical storage cells, par-
ticularly 1n rechargeable lithium 10n batteries.

[0050] According to a particularly preferred embodiment
of the mventive process taught herein, the carbon residue
forming material 1s provided in a fluid form. It has been
observed by the inventors that when the carbon residue form-
ing material 1s precipitated from a liquid, a smooth coating
forms at the interface of the individual carbonaceous particles
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and the surrounding liquid. A smooth coating 1s retained
when subsequently carbonized.

[0051] Although less advantageous, when the carbon resi-
due-forming coating 1s supplied as a solid, 1t 1s desirably
tused on the surface of the particles 1n order to form a smooth
coating thereon. Especially preferred embodiments of the
present mvention produce a free-tlowing powder of coated
particles after the carbonization, which particles exhibit little
or no fusion among the particles, but can generally be broken
into a free-flowing powder by simple mechanical agitation,
such as by use of a stirring rod, or by rubbing between the
thumb and forefinger. Where some fusion may have occurred
between particles, and mechanical agitation 1s used to sepa-
rate these particles which may result 1in the formation of new
fracture surfaces, in the preferred embodiments of the mven-
tion these fracture surfaces do not comprise more than 10%,
preferably no more than 2% of the total surface area of the
particles. Such are considered as being substantially smooth
coatings.

[0052] A preferred aspect of the present invention 1s 1n the
pitch coating process, or carbon residue-forming material
coating process. This coating process provides uniform car-
bon residue-forming coating on particles regardless of par-
ticle size. The coating can be accomplished 1n a number of
ways but 1t 1s especially advantageous to precipitate the coat-
ing material 1in the presence of a suspension of the targeted
particles, whether silicon, carbonaceous substrate material or
silicon/carbon composite particles. This coating method
yields a uniform coating of controlled composition and pro-
duces a loose particle powder, so that the pitch-coated par-
ticles do not agglomerate and no further milling process 1s
required 1n the subsequent process steps.

[0053] Another preferred aspect of the present invention 1s
in an oxidation reaction that is carried out on the coated
particles prior to carbonization of the coating. The oxidation
reaction 1s believed to provide certain technical benefits.
First, 1t 1s believed that the reacted coated particles are rela-
tively infusible following oxidation, which 1s particularly
desirable 1n view of subsequent process steps, and subsequent
handling of the particles. Second, 1t 1s believed that the
reacted coated particles are endowed with a surface which
yields high efficiency when used as an electrode, particularly
when the reacted coated particles are used 1n an anode mate-

rial i a rechargeable storage cell, particularly 1n a recharge-
able lithium 10n cell.

[0054] A further aspect of the invention contemplates the
use of coated silicon or coated silicon/carbon composite par-
ticles 1n electrodes, particularly anodes, of electrical storage
cells, particularly 1n rechargeable batteries. According to this
aspect of the invention, there 1s contemplated a method for the
manufacture of an electrical storage cell which comprises the
steps of: incorporating 1into an anode of the electrical storage
cell silicon matenials comprising silicon/carbon composite
particles having a coating layer formed of an oxidized, carbon
residue forming material.

[0055] According to this aspect of the invention, the coated
silicon/carbon composite particles produced from the pro-
cesses described above are formed using the conventional
techniques into electrodes, particularly anodes. While not
described with particularity herein, it 1s contemplated that
known-art manufacturing techniques for the assemblage of
such electrodes, as well as known-art devices which facilitate
in the formation of such electrodes can be used. A particular
advantage which 1s obtained by the use of the coated particles
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taught herein lies 1n the fact that due to their coating, they
rarely fuse together thus resulting in a flowable powder.

[0056] Aspects of the present invention, imncluding certain
preferred embodiments are described 1n the following
Examples.

EXAMPLE 1

Material Preparation

[0057] The silicon powder used in this example had an
average particle size of 5 um (from Johnson Matthey Com-
pany). The pitch used for the coating layer was a petroleum
pitch from Conoco, Inc. that was approximately 27%
insoluble 1n xylene. The procedure for coating pitch on sili-
con powder 1s as follows. First, 20 grams of the silicon pow-
der was mixed with about 100 ml of xylene so that silicon
particles were uniformly dispersed 1n xylene 1n a glass flask.
Concurrently, 14 grams of the pitch was mixed with an equal
amount of xylene 1n another flask so that the pitch was com-
pletely dissolved 1n xylene. Both the solutions were heated to
approximately 110° C. and the pitch solution was added nto
the silicon solution while being continuously mixed. The
resulting solution was then heated to 140° C. and continu-
ously stirred for about 15 minutes. The solution was removed
from the heater and the solution gradually cooled to ambient
temperature (~25° C.). While the solutions were mixed and
cooled, the msoluble pitch precipitated out of solution and
coated uniformly onto the silicon particles. The resulting
solid particles 1n the solution are pitch-coated silicon powder.
The powder was then separated from the liquid by filtration
and washed with 50 ml of xylene.

[0058] The pitch-coated silicon powders were then dried
under vacuum at ~100° C. The total weight of the dried
powder was about 23.8 g, resulting 1n a 16 wt % pitch coating
on the silicon. The powders were then transierred into a tube
furnace and heated at 1° C./minute to 300° C. and heated
turther for 10 hours at 300° C. under a reduced air pressure
(typically ~-22" Hg). During such heat treatment (stabiliza-
tion), the weight of the pitch on silicon particles increased by
about 5%. Following stabilization, the powders were heated
at 5° C./minute to a temperature higher than 1150° C. 1n
nitrogen gas for 2 hours. Typically, the weight of the stabi-
lized pitch decreased by about 25% during carbonization.
Based on the amount of 1nitial pitch prior to stabilization, the
overall weight of the pitch decreased by about 20% or about
80% of the pitch remains as carbon coating after carboniza-
tion.

[0059] The resulting powder was then evaluated as the
anode material for a lithtum-1on battery, as described below 1n
the section “Evaluation of Electrical Capacity™. FIG. 2 shows
a comparison of the potential profiles during the first cycle
charge and discharge for different cut-off potentials. For com-
parison, the potential profiles of a mechanic mixture of plain
s1licon and graphite powders were also shown 1n the figure. In
this figure, the y-axis 1s the electrical potential of the silicon
clectrode versus lithium metal during the charging and dis-
charging, the x-axis represents the charge stored into and
removed from the electrode based on unit weight of the com-
posite material. The electrical potential of the material 1s an
indicator of the saturation level of lithium alloying; the lower
the potential, the closer the material 1s to saturation. It can be
seen that the ratio of coulombic efficiency 1s fairly high
(>90%) for the composite carbon/silicon particles, whereas it
1s very low (<30%) for the mechanic mixture of graphite and
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plain silicon. In addition, the capacity as defined 1n the next
section 1s very large for the carbon-coated silicon powder.

Evaluation of Electrical Capacity

[0060] The electrical reversible capacity and the coulombic
elficiency of the powder particles according to Examples 1-3
as well as Comparative Examples were evaluated by the fol-
lowing techniques.

[0061] A umiform slurry was formed by thoroughly mixing
powder (5 grams) with 3.82 grams of a solution containing,
0.382 grams of polyvinylidene fluoride (PVDEF, ex. Aldrich
Chemical Co., Inc.), 3.44 g of 1-methyl-pyrrolidinone (NMP,
ex. Aldrich Chemical Co., Inc.), and 0.082 grams of acetylene
black (having an effective surface area of 80 m°/g, ex. Alfa
Aesar). The slurry was then manually cast utilizing a doctor
blade to form a thin film having a loading of about 6 mg/cm”
onto the rough side of an electrodeposited copper fo1l (10 um,
¢x. Fuduka Metal Foil & Powder Co., Ltd.). The cast film was
then dried on a hot plate at approx. 100° C. and pressed to a
desired density (approx. 1.4 g/cm?®) with a roll press. A disc
having an area of 1.6 cm?® was then punched out from the film
and weighed to determine the exact amount of the mass on the
copper foil. Subsequently this disc was further dried under
vacuum at a temperature of 80° C. for approximately 15

minutes and transierred into a sealed box without exposing
the disc to ambient air. The sealed box was filled with ultra-
pure argon gas having oxygen and moisture levels of less than

1 ppm.

[0062] Subsequently the disc was cast as the positive elec-
trode 1n the manufacture of a standard coin cell (2025 size)
which was subsequently used as the test cell. The other elec-
trode of the test cell was a fo1l of pure lithium (100 um, ex.
Alfa Aesar). A two layer separator was used in the test cell: a
glass mat (GF/B Glass Microfibre Filter, Whatman Interna-
tional Ltd.) was used as the first layer on the composite
Carbon/silicon powder and a porous polypropylene film
(available as Celgard® 2300, ex. Celgard Inc.) was used as
the second layer on the lithtum foil. The electrolyte of the test
cell was a 1 M LiPF, in ethylene carbonate (EC)/diethyl
carbonate (DEC)/dimethyl carbonate (DMC) solvent mixture
(40/30/30) (purchased from EM Industrial). Test cells were
produced utilizing the component described above according,
to conventional techniques, although the samples of powder
particles were varied to ensure that at least one sample coin
cell was produced incorporating a powder particle sample
according to either one of the demonstrative examples, or
according to one of the comparative examples. These pow-
ders were tested as the anode material 1n a coin cell configu-
ration of carbon/separator/lithium metal at room temperature
(~25° C.). Two or three cells were made for each sample; the
reported charge capacity and charge etliciency were the aver-
age value of the cells.

[0063] The capacity and charging efliciency of a specific
powder particle sample was determined according to the fol-
lowing protocol. Utilizing a standard electrochemical test
station (Model BT-2043, Arbin Instrument Corp.), an
assembled test cell was first discharged (equivalently alloyed
with lithium) at 0.5 mA (approx. 52 mA/g) to a given voltage
on the first cycle. Thereaiter, the assembled test cell was
charged (de-alloyed) at 0.5 mA to 1.5 volts during which time
the charge passed during charging was used to calculate the
specific capacity of the composite powder, while the ratio of
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the total charge passed during charging to the total charge
passed during discharging was used to determine the charge
elficiency.

EXAMPLE 2

[0064] Twenty grams of a natural flake graphite powder
(average particle size 5 um from China) were coated with 10
wt % petroleum pitch according to the procedure as described
in Example 1. The coated graphite powder was stabilized,
carbonized, and graphitized at 3000° C. in argon. Concur-
rently, a silicon powder (average particle size 2 um, purchased
from Johnson Matthey company) was coated with 10 wt %
pitch as described in Example 1, stabilized, and carbonized at
1050° C. A mixture of the coated natural graphite powder and
the coated silicon powder were combined 1n the proportion of
6 parts coated graphite and 4 parts of coated silicon powder
and coated with 15 wt % solution of the same pitch using the
same method. After stabilization in air, the resulting compos-
ite powder was carbonized at 1050° C. 1n nitrogen atmo-
sphere. The resulting graphite/silicon/carbon composite par-
ticle powder has morphology as shown 1n FIG. 3. It can be
seen that small silicon particles are embedded 1n the carbon
coating on large graphite particles, a structure similarly 1llus-
trated 1n FI1G. 1.

[0065] The composite powder was then evaluated as the
anode material for a lithium-ion battery, as described above 1n
the section entitled “Evaluation of Electrical Capacity”. The
cycling potential window was between 0.09 and 1.5 volts.
The results are shown 1n FIG. 4. It can be noted that the
material has a capacity of about 850 mAh/g and 1s fairly
reversible from cycle to cycle.

EXAMPLE 3

[0066] Twenty grams of a natural flake graphite powder
(average particle size 5 um from China) were coated with 7 wt
% petroleum pitch according to the procedure as described 1n
example 1. The coated graphite powder was stabilized and
carbonized at 1200° C. The coated graphite powder was
mixed with the coated silicon powder as described in
Example 2, 1n the same proportions. The mixture was then
coated with 15 wt % pitch as described in Example 1 and
stabilized. Subsequently, the resulting composite particle
powder was coated again with 10 wt % pitch, stabilized, and
carbonized at 1050° C. 1n nitrogen atmosphere. The material
was evaluated as the anode material for Li-10n batteries 1n the
same manner as described previously. The capacity and effi-
ciency of this material are shown 1n FIG. 5 for the first five
cycles. A significant increase 1n the rechargeability of the
s1licon powder 1s displayed.

COMPARAITIVE EXAMPL.

T

[0067] To compare the carbon-coated silicon powder with
uncoated silicon powder at the same carbon coating level,
clectrodes were made by adding 20% graphite to uncoated
silicon and 7% of the same graphite to the carbon-coated
silicon. The graphite used was natural graphite based com-
posite graphite powder.

[0068] FIG. 2 shows the charge and discharge cell voltage
profiles for the carbon-coated silicon and uncoated silicon
powders. It should be noted that “charging” means that the
lithium 1s being electrochemically 1nserted 1nto the electrode
and “discharging” denotes that the lithtum 1s being removed
from the electrode. The charge and discharge capacity was
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calculated based on total electrode material except for the
binding material. As shown in the figure, the cell voltage
rapidly drops to the low cut-oil voltage on the charging and
the discharged capacity and the efficiency are very small for
the silicon/graphite mixture electrode.

1-36. (canceled)

37. Coated silicon/carbon composite particles comprising
a core of silicon and carbonaceous particles wherein each of
the silicon particles and carbonaceous particles are each
coated with a carbon residue forming material, combined
together and further coated with a layer of carbon residue
forming materal.

38. The coated composite particles according to claim 37,
wherein the composite particles comprise a pulvurent carbon-
aceous material selected from the group consisting of petro-
leum pitches, calcined petroleum cokes, uncalcined petro-
leum cokes, highly crystalline cokes, coal tar cokes, synthetic
graphites, natural graphites, soit carbons derived from
organic polymers, and soft carbons derived from natural poly-
mers.

39. The coated carbonaceous particles according to claim
377, wherein the composite particles are a pulvurent carbon-
aceous material selected from the group consisting of cal-
cined petroleum cokes, uncalcined petroleum cokes, highly
crystalline cokes, synthetic graphites, and natural graphites.
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40. The coated carbonaceous particles of claim 37 wherein
the coating layer 1s graphitic.

41. A method for the production of a Li-10n battery wherein
the coated carbonaceous particles of claim 37 are used as the
anode maternal, and wherein such Li-10n battery exhibits a
first cycle charge efficiency greater than 90% at the cut-off

potential of 1 volt versus L1 when tested with electrolyte
containing no propylene carbonate solvent.

42. An electrical storage cell comprising the coated car-
bonaceous particles of claim 37.

43. An electrical storage cell according to claim 42,
wherein the electrical storage cell 1s a rechargeable electrical
storage cell.

44. A method for the manufacture of an electrical storage
cell which comprises incorporating the coated composite par-
ticles of claim 37 into an anode of the electrical storage cell.

45-52. (canceled)

53. A method for the manufacture of an electrical storage
cell, wherein the method comprises incorporating into an
anode of the electrical storage cell coated, silicon/carbon
composite materials comprising coated silicon particles and
coated carbonaceous particles having a coating layer formed

of an oxidized, carbon residue forming material.
54-64. (canceled)
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