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SILICON WHISKER AND CARBON
NANOFIBER COMPOSITE ANODE

RELATED APPLICATIONS

This application claims the benefit of and priority to U.S.
Provisional Application No. 61/262,011 and filed Nov. 17,
2009, which is owned by the assignee of the instant applica-
tion and the disclosure of which incorporated herein by ref-
erence in its entirety. This application claims the benefit of
and priority to U.S. Provisional Application No. 61/301,932
and filed Feb. 5, 2010, which is owned by the assignee of the
instant application and the disclosure of which incorporated
herein by reference in its entirety.

STATEMENT OF GOVERNMENT INTEREST

The subject matter described herein was developed in con-
nection with funding provided by the National Aeronautics
and Space Administration (“NASA”) under Contract Nos.
NNX10CAS51C and NNXO9CD30P. The Federal government
may have rights in the technology.

FIELD OF THE INVENTION

This invention relates generally to an anode material, and
more particularly, to a silicon whisker and carbon nanofiber
composite anode.

BACKGROUND OF THE INVENTION

Lithium-ion batteries are rechargeable batteries that have a
wide variety of uses. In general, lithium ions move from a
negative electrode to a positive electrode during discharge, or
during use of the battery, and from the positive electrode to
the negative electrode when the battery is being charged.
Lithium-ion batteries are common in electronics, space appli-
cations, electric vehicles, and military applications due to
their high energy-to-weight ratio and slow loss of charge
when the battery is not being used. Lithium-ion batteries are
significantly lighter than equivalents in other chemistries
such as, for example, lead-acid, nickel-metal hydride, and
nickel cadmium.

Silicon is an attractive anode material for lithium-ion bat-
teries because of its low discharge potential relative to alter-
native anode materials. In addition, silicon has the highest
known theoretical charge capacity of 4,200 mAh/g. Despite
its capacity advantage over existing graphite anodes (327
mAh/g) and various nitride and oxide materials, silicon
anodes have limited applications because silicon’s volume
changes by about 300% upon insertion and extraction of
lithium. This volume change results in pulverization of the
silicon anode as well as capacity fading. Current approaches
addressing the cycling issues of silicon anodes include pure
silicon micro- and nano-scale powder anodes, silicon dis-
persed in an inactive matrix, silicon dispersed in an active
matrix, silicon anodes with different binders, and silicon thin
films.

Using a pure form of silicon such as silicon bulk films and
micrometer sized particles as anodes in lithium batteries
shows capacity fading and short cycle life due to pulveriza-
tion and loss of electrical contact between the active material
and the current collector. An efficient approach showing
promising results is to stabilize silicon by forming alloys. One
of the major limitations and issues, however, is the low con-
centration of silicon in the alloys. The inactive alloying met-
als that are added to the system can make overall system
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capacity suffer. Less stabilizing metals result in an increase in
silicon random crystalline domains, which can crack upon
lithiation and de-lithiation.

To achieve a 1:1 or higher silicon ratio in the composite,
thick polycrystalline or amorphous silicon domains can be
formed by conventional processes, including chemical vapor
deposition (“CVD”). These domains are known for their poor
cycle life due to the lack of an electrical conduction path.

SUMMARY OF THE INVENTION

The invention, in one embodiment, features an anode mate-
rial for use within a lithium-ion battery. The anode material
can have high specific capacity, improved cycle life, low first
cycle irreversible loss, and/or improved rate capability as
compared to current lithium-ion batteries and/or anode mate-
rials. The anode material can replace current graphite or other
anode materials with little to no change to the rest of the
battery.

Nanowires or whiskers, which are single crystals in nature,
possess structural advantages that can efficiently tolerate/
mitigate volume change over conventional coatings or nano-
particles. During electrochemical cycling, the stress imposed
by volume changes can be less destructive for single crystal-
line whiskers than for polycrystalline particles. As a result of
the random, all-direction stresses, polycrystalline particles
fracture into electronically isolated pieces causing a capacity
fade. For example, a silicon nanowire that is smaller than a
critical flaw size of single crystalline silicon, for example,
about 20 nm, can make the silicon nanowire crack-resistant.

An anode that is capable of high capacity and good cycle
life and rate capability can include a composite material that
is high in free volume. The active material can be free from
polycrystalline domains to prevent fracturing. When silicon is
used as an anode material, it is not possible to achieve these
parameters by using conventional CVD processes. In addi-
tion, the active silicon material can account for about 50% or
higher of the total composite weight. The material that sup-
ports the silicon can provide an electronically conductive
framework for the silicon active material. The silicon anode
material can also be capable of being formed and/or pro-
cessed using established procedures and equipment to mini-
mize the cost associated with making the silicon anode mate-
rial.

In one aspect, the invention features a composition of mat-
ter including a carbon nanofiber having a surface. The com-
position also includes at least one crystalline whisker extend-
ing from the surface of the carbon nanofiber.

In another aspect, the invention features a battery anode
composition including an electrically conductive carbon-
aceous substrate having a surface. The battery anode compo-
sition also includes at least one crystalline whisker extending
from the surface of the electrically conductive carbonaceous
substrate.

In a further aspect, the invention features a battery includ-
ing a cathode and an anode. The cathode is formed of a metal
oxide or lithium metal. The anode includes an electrically
conductive carbonaceous substrate having a surface and at
least one crystalline whisker extending from the surface of the
electrically conductive carbonaceous substrate. The battery
also includes a separator and a non-aqueous electrolyte dis-
posed between the cathode and the anode.

In yet another aspect, the invention features a method of
manufacturing a battery. The method providing a cathode
current collector that defines a surface, and depositing a cath-
ode material onto the surface of the cathode current collector.
An anode current collector includes an electrically conduc-
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tive carbonaceous substrate having a surface. An anode com-
position can be formed on the surface of electrically conduc-
tive carbonaceous substrate. The anode composition includes
at least one crystalline whisker extending from the surface of
the electrically conductive carbonaceous substrate.

In some embodiments, the at least one crystalline whisker
is a mono-crystalline nanorod. Crystalline whiskers can be
formed from silicon. A crystalline whisker can have a diam-
eter of less than about 100 nanometers. In some embodi-
ments, the crystalline whiskers have a diameter of about 20
nanometers.

The carbon nanofiber can be a tubular filament. In some
embodiments, the carbon nanofiber has an electrical resistiv-
ity less than about 0.2 Q-cm. The carbon nanofiber can have
a diameter of less than about 500 nanometers. In some
embodiments, the carbon nanofiber has a diameter of about
70 nanometers. In some embodiments, the carbon nanofiber
comprises at least one of an amorphous material or a crystal-
line material. The carbon nanofiber can be a graphite nanofi-
ber.

The crystalline whisker(s) and the carbon nanofiber(s) can
have a weight ratio of greater than about 1:10. In some
embodiment, the crystalline whisker(s) is formed from sili-
con, germanium, or tin.

In some embodiments, the electrically conductive carbon-
aceous substrate includes an unordered arrangement of car-
bon nanofibers. Each of the carbon nanofibers can have a
surface and can form an electrically conductive network. In
some embodiments, the at least one crystalline whisker
extends from the surface of each of the carbon nanofibers.

The electrically conductive carbonaceous substrate can
have a diameter of less than about 500 nanometers. In some
embodiments, the electrically conductive carbonaceous sub-
strate has a diameter of about 70 nanometers. The crystalline
whisker(s) and the electrically conductive carbonaceous sub-
strate can have a weight ratio of greater than about 1:10.

Catalyst seeds can be deposited on the electrically conduc-
tive carbonaceous substrate. A crystalline whisker can be
formed at a location on the surface of the electrically conduc-
tive carbonaceous substrate where one of the plurality of
catalyst seeds is deposited. A gold-catalyzed vapor-liquid-
solid (“VLS”) process can be used to form an anode compo-
sition on an electrically conductive carbonaceous substrate.

The catalyst seeds can include gold, aluminum, or a silicon
eutectic forming material. The catalyst seeds can have a diam-
eter of less than about 100 nanometers. In some embodi-
ments, the catalyst seeds have a diameter of about 20 nanom-
eters.

Other aspects and advantages of the invention will become
apparent from the following drawings and description, all of
which illustrate principles of the invention, by way of
example only.

BRIEF DESCRIPTION OF THE DRAWINGS

The advantages of the invention described above, together
with further advantages, may be better understood by refer-
ring to the following description taken in conjunction with the
accompanying drawings. The drawings are not necessarily to
scale, emphasis instead generally being placed upon illustrat-
ing the principles of the invention.

FIG. 1A is a schematic illustration of a catalyst seed on a
carbonaceous substrate, according to an illustrative embodi-
ment of the invention.

FIG. 1B is a schematic illustration of a crystalline whisker
on a carbonaceous substrate, according to an illustrative
embodiment of the invention.
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FIG. 2 is a schematic illustration of a composition of mat-
ter, according to an illustrative embodiment of the invention.

FIG. 3 is a schematic illustration of an electrically conduc-
tive network, according to an illustrative embodiment of the
invention.

FIG. 4A is a scanning electron microscope (“SEM”) image
of'a carbonaceous substrate and crystalline whiskers, accord-
ing to an illustrative embodiment of the invention.

FIG. 4B is an SEM image of carbonaceous substrate and
crystalline whiskers, according to an illustrative embodiment
of the invention.

FIG. 5 is an x-ray diffraction (“XRD”) plot of intensity
versus 2-theta angle for a carbon nanofiber with gold seeds
prior to the formation of crystalline whiskers, according to an
illustrative embodiment of the invention.

FIG. 6 is an XRD plot of intensity versus 2-theta angle for
a carbon nanofiber with crystalline whiskers according to an
illustrative embodiment of the invention.

FIG.7A is aschematic illustration of a battery, according to
an illustrative embodiment of the invention.

FIG. 7B is a schematic illustration of a lithium-ion battery,
according to an illustrative embodiment of the invention.

FIG. 8 is a graph of composite capacity versus cycles for a
silicon whisker anode half cell, according to an illustrative
embodiment of the invention.

FIG. 9 is a graph of a cell voltage profile showing voltage
versus time for the silicon whisker anode half cell of FIG. 7,
according to an illustrative embodiment of the invention.

FIG. 10 is a graph of anode composite capacity versus
cycles for a silicon whisker anode half cell, according to an
illustrative embodiment of the invention.

FIG. 11 is a graph of lithium-ion cell cycling of a full cell
with LiCoQ, cathode and silicon whisker composite anode,
according to an illustrative embodiment of the invention.

FIG. 12 is a graph of lithium-ion cell cycling of a full cell
with Li, . (Ni, 5Co,,;Mn, ;)O, cathode and silicon whisker
composite anode, according to an illustrative embodiment of
the invention.

FIG. 13A is a schematic illustration of a catalyst seeded
nanofiber, according to an illustrative embodiment of the
invention.

FIG. 13B is a schematic illustration of catalyst seeded
nanofiber in a network form, according to an illustrative
embodiment of the invention.

FIG. 14 is a schematic illustration of a VLS system, accord-
ing to an illustrative embodiment of the invention.

DESCRIPTION OF THE INVENTION

FIG. 1A shows an electrically conductive carbonaceous
substrate 101 with a catalyst seed 102 loaded on the surface
104 of the carbonaceous substrate 101. FIG. 1B shows a
crystalline whisker 103 on a carbonaceous substrate 101.
During formation of the composition, the crystalline whisker
103 grows under the catalyst seed 102, pushing the catalyst
seed 102 away from the carbonaceous substrate 101. The
catalyst seed 102 can remain at the end of the crystalline
whisker 103 after the crystalline whisker 103 is grown on the
carbonaceous substrate 101.

In some embodiments, the electrically conductive carbon-
aceous substrate 101 can be formed from carbon black,
graphite, carbon nanomaterial, carbon nanotube(s), carbon
nanofiber(s) carbon paper, or carbon cloth. The electrically
conductive carbonaceous substrate 101 can be hollow. In
some embodiments, the electrically conductive carbonaceous
substrate 101 is a carbon particle, e.g., having a generally
round shape. The electrically conductive carbonaceous sub-



US 9,088,048 B2

5

strate 101 can take on a variety of shapes, including, for
example, a generally cylindrical shape, a generally spherical
shape, or any other shape having a large electrically conduc-
tive surface area. In some embodiments, the electrically con-
ductive carbonaceous substrate 101 does not comprise carbon
and instead comprises another electrically conductive sub-
stance, for example, a metal.

FIG. 2 shows a carbon nanofiber 105 having a surface 110.
At least one crystalline whisker 103 extends from the surface
110 of the carbon nanofiber 105. FIG. 3 shows an electrically
conductive network 300. In some embodiments, the electri-
cally conductive network 300 of FIG. 3, or the compositions
of FIG. 1B or 2, can be a battery anode composition or can be
used in a battery anode composition. The electrically conduc-
tive network 300 can include a plurality of carbon nanofibers
105 as the electrically conductive carbonaceous substrate.
The plurality of carbon nanofibers 105 can be in an unordered
or ordered arrangement. Each carbon nanofiber 105 has a
surface 110. At least one crystalline whisker 103 extends from
the surface 110 of the electrically conductive carbonaceous
substrate 105. The electrically conductive network 300 com-
bines the advantages of single crystalline whiskers 103 and
the high surface area and highly conductive nanofibers 105.

The number of carbon nanofibers 105 that make up the
electrically conductive network 300 can vary. For example,
the number of carbon nanofibers 105 can range from about 3
to about 1,000,000. In some embodiments, the carbon nanofi-
bers 105 are hollow. The carbon nanofibers 105 can be Pyro-
graf III carbon nanofibers (e.g., supplied in the Pyrograf
Products® line sold by Applied Sciences, Inc.). In some
embodiments, the carbon nanofibers 105 can be manufac-
tured by the same company that grows the crystalline whis-
kers.

In some embodiments, the carbon nanofiber 105 is a tubu-
lar filament. The carbon nanofiber 105 can have an electrical
resistivity (e.g., how strongly a material opposes the flow of
an electric current) less than about 0.2 Q-cm. This relatively
low electrical resistivity of the carbon nanofiber 105 allows
movement of electrical charge between the crystalline whis-
ker 115 and the carbon nanofiber 105.

In some embodiments, the carbon nanofiber 105 can be
formed from an amorphous material or a crystalline material.
The carbon nanofiber 105 can be a graphite nanofiber. The
carbon nanofiber 105 can have a diameter of less than about
500 nm. In some embodiments, the diameter of the carbon
nanofiber 105 is less than about 250 nm. The diameter of the
carbon nanofiber 105 can be about 70 nm. In some embodi-
ments, the carbon nanofiber 105 is hollow.

In some embodiments, the at least one crystalline whisker
103 and the carbonaceous substrate 101 have a weight ratio
greater than about 1:10. Multiple crystalline whiskers can
extend from the surface of the carbonaceous substrate. The
weight ratio of the composition can vary based on the com-
position of the crystalline whiskers and carbonaceous sub-
strate. For example, when the crystalline whiskers are formed
from silicon and the carbonaceous substrate is a carbon
nanofiber, the weight ratio of the silicon crystalline whiskers
to the carbon nanofiber is about 1:1. This 1:1 weight ratio is
not achievable by depositing polycrystalline or amorphous
silicon on the surface of a fibrous substrate.

To achieve a 1:1 weight ratio between the plurality crys-
talline whiskers 103 and the electrically conductive carbon-
aceous substrate 101, the unit length of the crystalline whis-
kers 103 can be controlled. For example, when the crystalline
whisker is formed from silicon and the diameter of the silicon
whisker is about 20 nm, the unit length of the silicon whisker
is about 200 nm to achieve a 1:1 weight ratio. In this scenario,
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6

the silicon whiskers 103 can occupy only about 7% of the
total surface area of the electrically conductive carbonaceous
substrate 101.

In some embodiments, the at least one crystalline whisker
103 is a crystalline nanorod. The crystalline whisker 103 can
be formed from silicon, germanium or tin. The crystalline
whisker 103 can have a diameter of less than about 100
nanometers. In some embodiments, the crystalline whisker
103 has a diameter of less than about 50 nanometers. The
crystalline whisker 103 can have a diameter of about 20
nanometers. The length and diameter of the crystalline whis-
kers 103 throughout the network or composite can be ran-
domly distributed and not homogeneous.

The crystalline whisker 103 can have a diameter such that
volume changes that can occur upon insertion and extraction
of lithium within a lithium-ion battery do not pulverize the
crystalline whisker 103. In some embodiments, the crystal-
line whisker 103 can have a single crystalline domain, for
example, the crystalline whisker 103 can be free from a poly-
crystalline domain. The single crystalline nature of the whis-
ker can affect the diameter of the whisker. If the crystalline
whisker 103 is silicon, for example, the diameter of the crys-
talline whisker 103 can be about 20 nm. The diameter of the
crystalline whisker 103 can vary depending on the specific
composition of the crystalline whisker 103. In general, when
the composition is being used as an anode material within a
lithium-ion battery, the diameter of the crystalline whisker
103 can be at or below the terminal particle size (e.g., the size
below which the particles of the composition will not frac-
ture) of the crystalline whisker 103. The terminal particle of
the crystalline whisker 103 can vary based on the composition
of the crystalline whisker 103. For example, the terminal
particle size can be about 5 nm to about 500 nm.

The crystalline whiskers 103 can be arranged in an unor-
dered or an ordered state. In some embodiments, the crystal-
line whiskers 103 are configured to form an electrically con-
ductive attachment to its respective electrically conductive
carbonaceous substrate 101.

The crystalline whiskers 103 can extend radially from the
surface 110 of the electrically conductive carbonaceous sub-
strate 101 or can grow at a 90° angle to the electrically
conductive carbonaceous substrate 101. In some embodi-
ments, the whiskers 103 can extend from the surface 110 of
the electrically conductive carbonaceous substrate 101 at an
angle that is less than 90°, for example at about 45° or about
55°.

FIG. 4A and F1G. 4B show SEM images of a carbonaceous
substrate and crystalline whiskers. FIG. 4A shows a carbon
nanofiber 305 with a plurality of silicon crystalline whiskers
310 extending from the surface of the carbon nanofiber 305.
FIG. 4B shows an electrically conductive network, including
a plurality of nanofibers 305 and a plurality of crystalline
whiskers 310 extending from each of the surfaces of the
nanofibers 305. The diameters of the nanofibers 305 are about
70 nm to about 200 nm and the diameters of the silicon
whiskers 310 are about 20 nm to about 100 nm.

XRD plots were obtained for the Pyrograf III carbon
nanofibers with silicon whiskers. FIG. 5 shows an XRD plot
of intensity versus 2-theta angle for a carbon nanofiber with
gold seeds prior to the formation of crystalline whiskers. FIG.
6 shows an XRD plot of intensity versus 2-theta angle for a
carbon nanofiber with crystalline whiskers. The gold seeds
are catalysts that are used in the formation of the crystalline
whiskers. Referring to FIG. 5, the XRD plot shows a peak 405
at about 27° 20. The peak 405 represents the presence of the
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carbonaceous substrate. A small peak 410 at about 45° 20
represents the presence of the gold catalyst within the com-
position.

FIG. 6 shows the presence of silicon whiskers within the
composition. The peak 505 at about 27° 26 represents the
presence of carbon nanofibers, and the peak 510 at about 45°
20 represents the presence of the gold catalyst within the
composition. Three additional peaks 515, 520, 525 are
present at about 29° 260, 47° 20, and 57° 20 respectively.
These peaks 515, 520, 525 represent a silicon whisker. More
specifically, these peaks 515, 520, 525 represent a single
crystalline silicon whisker, about 500 nm in length. More-
over, the peaks 515,520, 525 represent silicon 111 (“Si 111”),
which is silicon at a low energy.

The compositions described above can be used in a battery,
and more particularly, a lithium-ion battery. FIG. 7A shows a
battery 600 including a cathode 605, an anode 610, a separa-
tor 615, and a non-aqueous electrolyte 620. The separator 615
and the non-aqueous electrolyte 620 are disposed between the
cathode 605 and the anode 610. The anode 610 includes an
electrically conductive carbonaceous substrate 625 having a
surface 630 with at least one crystalline whisker 635 extend-
ing from the surface 630. In some embodiments, the electri-
cally conductive carbonaceous substrate 625 can comprise an
unordered arrangement of carbon nanofibers. Each of the
carbon nanofibers can have a surface and can form an elec-
trically conductive network. At least one crystalline whisker
can extend from the surface of each carbon nanofiber.

Referring to FIG. 7A, the battery 600 can also include
current collectors 640, 650 and a charger 655. The battery 600
converts chemical energy into electrical energy. When the
battery 600 is in use, electrons released in the chemical reac-
tion on the anode 610 side of the battery 600 pass through
current collector 640 to the external circuit 660 from the
anode 610 to the cathode 605. The separator 615 permits
positively charged ions 665 to flow between the anode 610
side of the battery 600 and the cathode 605 side of the battery
600. Therefore, the separator 615 allows the anode 610 and
cathode 605 sides of the battery 600 to maintain charge neu-
trality.

The current collectors 640, 650 can be made of a material
that conducts electricity. For example, the current collectors
640, 650 can be made from, for example, aluminum or carbon
coated aluminum. The current collectors 640, 650 collect the
electrons released in the chemical reaction and guide them to
the external circuit 660.

The battery 600 can be rechargeable. For example, the
electrode (e.g., anode) can be regenerated after depletion. An
external potential is imposed on the electrode, for example,
the external potential can be imposed by an external charger
655. The external potential reverses the direction of current
flow through the cell. For example, when the cell is being used
the current flows from the anode to the cathode, but when the
cellis being charged, the current flows from the cathode to the
anode.

FIG. 7B shows an illustration of a pouch cell lithium-ion
battery 670. The lithium-ion battery 670 can include a plu-
rality of cathodes 672, a plurality of anodes 674, and a plu-
rality of separators 676. A single separator 676 is disposed
between each cathode 672 (or positive electrode) and anode
674 (or negative electrode). The battery 670 also includes a
case 678, apositive terminal 680, and a negative terminal 682.
A non-aqueous electrolyte is also disposed between each
cathode 672 and anode 674. The cathode 672 can be formed
from metal oxide or a lithium metal.

Electrodes (e.g., an anode) for use within a lithium-ion
battery can be fabricated in a variety of ways. As an example,
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an electrode using carbon nanofibers/silicon whisker com-
posite can be fabricated by mixing 80% by weight carbon
nanofiber/silicon whisker composite, 10% acetylene black,
and 10% polymer binder. The carbon nanofiber can be, for
example, Pryograf I1I and the binder can be, for example, 6:4
by weight styrene butadiene rubber (“SBR”) and sodium
carboxymethyl cellulose (“CMC”). De-ionized water can be
added to obtain a slurry, which can be cast onto acetone
cleaned copper foil. The fabricated electrodes can be dried at
room temperature for one hour followed by drying in an 80°
C. oven under vacuum for 2 hours.

Carbon nanofiber/silicon whisker composite anodes were
tested in half cells. The composite anode, a separator (e.g.,
Celgard 2500 made by Celgard, LL.C), and lithium metal
were assembled into a 316 stainless steel fixture that was
spring-loaded at 10 1bs. The cells were cycled between about
2to about 0.05V atarate of C/10to 1 C. The electrolyte used
was 1M LiPFq in 1:1 volume ethylene carbonate/diethy] car-
bonate with 5% vinylene carbonate. The capacity of the car-
bon nanofiber was determined by testing the nanofiber based
anode in half cells. The charge/discharge capacity of the
carbon nanofiber is about 250/500 mAh/g at C/10 for the first
cycle.

FIGS. 8-10 are graphical representations of various fea-
tures of the carbon nanofibers/silicon whisker composite
anode half cells. FIGS. 11-12 are graphical representations of
lithium-ion cell cycling using the carbon nanofibers/silicon
whisker composite anode and two different cathodes.

FIG. 8 shows a graph of composite capacity versus cycles
for a silicon whisker anode half cell. As shown in FIG. 8,
silicon whisker composite anodes of the type described
herein exhibit a reversible capacity of greater than 1000 mAh/
g. The capacity values were calculated based on the weight of
the composite (e.g., 50% silicon whisker and 50% carbon
nanofiber) and not based on the weight of the silicon whisker
alone. For the first cycle, the discharge capacity 705 is about
1600 to about 1700 mAh/g and the charge capacity 710 is
between about 1320 to about 1500 mAh/g.

FIG. 9 shows a graph of a cell voltage profile showing
voltage versus time for the silicon whisker anode half cell of
FIG. 8. As shown in FIG. 9, the lithiation of Lithium (“Li”)
ion to silicon takes place at about 0.1 to about 0.2 V and
delithiation starts at about 0.2 V. The delithiation (e.g.,
charge) voltage of this silicon whisker anode is about 200 mV
lower than that of conventional graphite anodes (e.g., which
plateau at about 0.4 V). The first cycle discharge (lithiation)
takes place at about 0.1 V, similar to micron meter size bulk
silicon, which indicates that the silicon active in the electrode
is highly crystalline.

The silicon whisker anode composition described herein is
also capable of high rate cycling when used as an anode in a
lithium-ion battery. FIG. 10 shows a graph of anode compos-
ite capacity versus cycles for a silicon whisker anode half cell.
200 cycles (beginning with 3 C/10 cycles) of the silicon
whisker anode composition as an anode in a lithium-ion bat-
tery are shown. The cell showed only about 11% fading in
charge capacity at 1 C. The irreversible loss of the first C/10
cycle is about 18% but the reversibility of the first 1 C is less
than about 2%. This 1 C cycling result demonstrates that the
silicon whisker on carbon nanofiber is capable of moderately
high rate as a result of the unique material architecture.

Several cells were tested. The silicon whisker anodes show
a high first cycle reversibility of about 80 to about 92%. This
first cycle reversibility is more than about 20% higher than
that of most conventional silicon nano-composite anodes.
High reversibility can be attributed to, for example, elec-
trodes that are high in free volume. It can also be attributed to



US 9,088,048 B2

9

the single crystalline silicon whisker structure that can sur-
vive the volume changes associated with lithium-ion batteries
without breaking apart during lithiation and delithiation.
Moreover, the carbon nano-fibers can provide an electrically
conductive framework for the silicon whiskers that extend
from the carbon nano-fiber surface which can result in high
reversibility.

Full cells were fabricated and tested using the silicon whis-
ker composite anode described herein with two different cath-
ode materials, LiCoO, and Li,, (Ni,/,;Co,,;Mn, 5)O,. The
full cells were all tested between about 4.3 and about 3V for
charge and discharge voltages. The cycling rate was one cycle
at C/20 then followed by C/8 cycles. The electrolyte used for
these full cells was 1M LiPF in EC/DMC/DEC (1:1:1) with
5% by weight vinylene carbonate. This 1:1:1 EC/DMC/DEC
electrolyte is capable of working at —30° C.

FIG. 11 shows a graph of lithium-ion cell cycling of a full
cell with LiCoO, cathode and silicon whisker composite
anode. FIG. 12 is a graph of lithium-ion cell cycling of a full
cellwith L, (Ni, ;Co, ,sMn, ;5)O, cathode and silicon whis-
ker composite anode. As shown in FIGS. 11 and 12, the
discharge capacities based on anode composition weight are
about 1200 to about 1300 mAh/g at a C/10 rate. Without any
formation cycles for both full cells, the first cycle irreversible
loss is about 28% and 45% for the LiCoO, cell and the
Li,,,(Ni, ;Co,,sMn, ;)O, cell, respectively. The irreversible
loss can be improved by optimizing the cathode formulation
and/or calendaring. Half cells were also tested and the first
cycle irreversible loss for Li, , (Ni, 5,Co, ;Mn, 5)O, cathode
is about 16% and for the LiCoO, cathode is about 26%.

A process for manufacturing a battery can include provid-
ing a cathode current collector that defines a surface. The
cathode current collector can be any electrically conductive
material, for example, aluminum or carbon coated aluminum.
A cathode material can be deposited onto the surface of the
cathode current collector. The cathode material can be, for
example, [LiCoO,. An electrode using LiCoO, can be fabri-
cated by mixing 90% by weight LiCoO,, 5% acetylene black,
and 4% polymer binder. In some embodiments, the cathode
material is LiCoO, and the binder material is Poly(vinylidene
fluoride). N-Methyl-2-pyrrolidone can be added to obtain a
slurry, which can be cast onto acetone cleaned aluminum foil.
The fabricated electrodes can be dried in an 80° C. oven under
vacuum for 2 hours.

An anode current collector can be provided including an
electrically conductive carbonaceous substrate having a sur-
face. An anode composition is formed on the surface of the
electrically conductive carbonaceous substrate. The anode
composition can be formed by a, for example, CVD or VLS
process. The anode composition includes at least one crystal-
line whisker extending from the surface of the electrically
conductive carbonaceous substrate.

Catalyst seeds can be deposited on the electrically conduc-
tive carbonaceous substrate. The crystalline whisker(s) can be
formed at a location on the surface of the electrically conduc-
tive carbonaceous substrate where one of the plurality of
catalyst seeds are deposited. The catalyst seeds can comprise,
for example, gold, aluminum, or a silicon eutectic forming
material.

In some embodiments, a gold-catalyzed VLS process is
used to form the anode composition on the electrically con-
ductive carbonaceous substrate. Gold catalyst seeds can be
loaded on the electrically conductive carbonaceous substrate.
FIG. 13 A shows a schematic illustration of a catalyst seeded
nanofiber 1300. FIG. 13B shows a schematic illustration of
catalyst seeded nanofiber in a network form 1350. As shown
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in FIGS. 13 A and 13B, a plurality of gold catalyst seeds 1310
can be loaded onto the electrically conductive carbonaceous
substrate 1320.

The introduction of gold catalyst seeds onto the electrically
conductive carbonaceous substrate can be carried out in two
steps. First, the electrically conductive carbonaceous sub-
strate can be functionalized by soaking the substrate in a
solution. Then, the electrically conductive carbonaceous sub-
strate can be soaked in a gold colloid solution. For example,
gold catalyst seeds can be loaded onto a Pyrograf III nanofi-
ber. One gram of Pyrograf II] nanofiber can be functionalized
by soaking the nanofiber in about 0.1% w/v aqueous poly-L-
lysine solution, for example a solution sold by Ted Pella, Inc.
The nanofiber can be soaked for approximately 5 minutes and
then dried at about 80° C. for about 10 minutes. Next, the
nanofiber can be soaked in 20 nm diameter gold colloid
solution, for example, a solution sold by Ted Pella, Inc. The
nanofiber can be soaked for about 5 minutes and then dried in
an 80° C. oven for approximately 2 hours.

FIG. 14 is a schematic illustration of a VLS system 1400.
The VLS system 1400 includes stainless steel flex tubing
1403 for sample inlet and sample extraction, a quartz tube
1404, a particulate filter 1406, an exhaust 1408, five valves
1409,1410, 1411, 1412, 1413, mass flow meters 1416, stain-
less steel sealing flanges 1418, regulators 1422, a flow
restricting orifice 1424, an SiH, supply 1426, a mechanical
vacuum pump 1428, and an argon gas supply 1430.

The VLS reaction has several steps. Before the reaction
occurs, the catalyst loaded electrically conductive carbon-
aceous substrate is loaded into the reactor, or the quartz tube
1404. The reactor 1404 is pumped down, using mechanical
vacuum pump 1428, to less than about 1 millitorr for approxi-
mately 14 hours. Argon is flowed from the argon gas supply
1430 into the reactor 1404 by adjusting the regulator 1422 and
or valves 1411, 1413. The reactor 1404 is leak checked. For
example, a leak rate of less than about 5 millitorr per minute
can be achieved. The entire system 1400 is then flushed with
argon gas from the argon gas supply 1430 by adjusting the
regulator 1422 and or valves 1411, 1413. The system 1400
can be flushed with argon gas for about 30 minutes. The argon
gas and vacuum within the reactor 1404 keeps the reactor
1404 relatively free of air (e.g., oxygen) during silicon whis-
ker synthesis since oxygen can oxidize the silicon whisker to
silica at reaction temperature.

After the system 1400 is prepared for the reaction, the
quartz tube 1404 can be heated. For example, the quartz tube
1404 can be heated to about 500° C. A silane mixture gas from
the SiH,, supply 1426 (for example SiH,, 2% in Argon) can be
flowed to the quartz tube 1404 through the flow restricting
orifice 1424 at a rate of about 60 to about 80 sccm by adjusting
valve 1412 and/or regulator 1422. During this time, the pres-
sure within the quartz tube can be kept at about 30 Torr. The
reaction can take about 60 minutes to complete. In some
embodiments shorter or longer times are used. If longer whis-
kers are desired, then the reaction can proceed for longer
periods of time, for example, for about 120 minutes or longer.
If shorter whiskers are desired, then the reaction time can be
short, for example, for about 30 minutes or shorter.

After the reaction is complete, the gas is switched from the
silane mixture gas to argon gas by adjusting the valves 1411,
1412, 1413 and/or regulators 1422. The system 1400 is
flushed with argon gas while the system 1400 cools to about
room temperature. This flushing cleans the reactor 1404 and
removes the silane gas mixture from the system 1400.

One skilled in the art will realize the invention may be
embodied in other specific forms without departing from the
spirit or essential characteristics thereof. The foregoing
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embodiments are, therefore, to be considered in all respects
illustrative rather than limiting of the invention described
herein. Scope of the invention is thus indicated by the
appended claims, rather than by the foregoing description,
and all changes that come within the meaning and range of
equivalency of the claims are, therefore, intended to be
embraced therein.

What is claimed is:

1. A method of manufacturing a battery, comprising:

depositing a cathode material onto a surface of a cathode
current collector;

forming an anode composition on a second surface of an
electrically conductive carbonaceous substrate, the
anode composition including at least one crystalline
whisker extending from and grown directly on the sec-
ond surface of the electrically conductive carbonaceous
substrate, the one crystalline whisker is an electro-active
material; and

depositing the anode composition on the second surface of
the electrically conductive carbonaceous substrate onto
an anode current collector.

12

2. The method of claim 1 further comprising:

depositing catalyst seeds on the electrically conductive

carbonaceous substrate; and

forming the at least one crystalline whisker at a location on

the second surface of the electrically conductive carbon-
aceous substrate where one of the plurality of catalyst
seeds are deposited.

3. The method of claim 2 wherein the catalyst seeds com-
prise gold, aluminum, or a silicon eutectic forming material.

4. The method of claim 2 wherein the catalyst seeds have a
diameter of less than about 100 nanometers.

5. The method of claim 1 wherein the at least one crystal-
line whisker comprises silicon.

6. The method of claim 1 further comprising using a gold-
catalyzed vapor-liquid-solid process to form the anode com-
position on the electrically conductive carbonaceous sub-
strate.

7. The method of claim 1 wherein the at least one crystal-
line whisker is formed from a material selected from the
group consisting of silicon, germanium, and tin.

#* #* #* #* #*
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