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FIG. 4

(a) SI/GRAPHITE COMPLEX POWDER

(b) GRAPHITE POWDER
(c) EXAMPLE 1 [SI/GRAPHITE = 1, Ni/Si = 0.2]
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ANODE ACTIVE MATERIAL, METHOD OF
MANUFACTURING THE SAME, AND
LITHIUM BATTERY USING THE SAME

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue.

CROSS-REFERENCE TO RELATED PATENT
APPLICATION

This application claims priority to and the benefit of

Korean Patent Application No. 10-2005-0088720, filed on
Sep. 23, 2005, 1n the Korean Intellectual Property Oflice, the
entire content ol which 1s incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to an anode active material, a
method of producing the same and a lithium battery using the
same. More particularly, the invention 1s directed to an anode
active material having high capacity and excellent capacity
retention. The invention 1s also directed to a method of pro-
ducing the anode active material and to a lithium battery using
the anode active material and having a long lifespan.

2. Description of the Related Art

Lithtum metal has been used as the anode active material.
However, when lithium metal 1s used, dendrites can form
causing battery short-circuits, resulting 1n a risk of explosion.
Accordingly, carbon-based materials are widely used for the
anode active material instead of lithium metal.

Examples of carbon-based active materials used for the
anode active material in lithium batteries include crystalline-
based carbon (such as natural graphite and artificial graphite)
and amorphous-based carbon (such as soit carbon and hard
carbon). Although amorphous-based carbon has high capac-
ity, charge/discharge reactions are highly 1rreversible. Natu-
ral graphite 1s the main crystalline-based carbon used, and its
theoretical capacity 1s high (at 372 mAh/g). Therefore, crys-
talline-based carbon 1s widely used as an anode active mate-
rial. However, the cycle life of such batteries may be very
short.

The theoretical capacity of about 380 mAh/g of such a
graphite or carbon-based active material (which 1s currently
considered a high capacity) may not be suilicient for future
lithium batteries that may require higher capacities.

In order to overcome this problem, research has been
actively conducted into metal-based anode active materials
and intermetallic compound-based anode active materials.
For example, research has been conducted into lithium bat-
teries using metals such as aluminum, germanium, silicon,
tin, zinc, lead, etc. or semimetals as anode active materials.
Such materials have been known to have large capacities,
high energy densities, and good intercalation and deinterca-
lation capabilities compared to anode active materials using
carbon-based materials. Thus, lithium batteries having large
capacities and high energy densities can be prepared using
these materials. For example, pure silicon 1s known to have a
high theoretical capacity of 4017 mAh/g.

However, such materials have shorter cycle lifespans than
carbon-based materials, and thus cannot be put to practical
use. When an inorganic material (such as silicon or tin) 1s used
in the anode active material as a lithium intercalating and
deintercalating material, the volume of the 1norganic material

5

10

15

20

25

30

35

40

45

50

55

60

65

2

changes during charge/discharge cycles, resulting in the deg-
radation of conductivity between the active materials or 1n the

detachment of the anode active material from the anode cur-
rent collector, as shown 1n FIG. 1. That 1s, the volume of the
inorganic material (such as silicon or tin) increases by about
300 to 400% during charging through the intercalation of
lithium, and the volume decreases during discharging
through the deintercalation of lithrum. Therefore, when
charge/discharge cycles are repeated, spaces may be gener-
ated between the morganic particles and the active materials,
and electrical msulation may occur, thereby rapidly degrad-
ing the cycle life of the battery.

Therelore, a need exists for an anode active material with
high capacity and excellent capacity retention properties, and
for a lithrum battery with a long cycle life employing the
anode active matenal.

SUMMARY OF THE INVENTION

In one embodiment of the present invention, an anode
active material has high capacity and excellent capacity reten-
tion.

In another embodiment of the present invention, a method
of preparing the anode active material 1s provided.

In yet another embodiment of the present invention, a
lithium battery employs the anode active material.

According to one embodiment of the present invention, an
anode active material comprises complex material particles
containing silicon and graphite, a carbon layer covering the
surface of the complex material particles, and a silicon-metal
alloy formed between the complex material particles and the
carbon layer.

In the complex material particles, the weight ratio of sili-
con to graphite may be about 2.0 or less.

The carbon layer may be an amorphous carbon layer. The
carbon layer may be present in an amount ranging from about
1 to about 20 wt % based on the total weight of the anode
active material. The carbon layer may cover only a portion or
the entire surface of the complex material particles.

In the silicon-metal alloy, the molar ratio of metal to silicon
may be about 0.01 or greater. Nonlimiting examples of suit-
able metals for use 1n the silicon-metal alloy include nickel,
cobalt, copper, zinc, aluminum magnesium and mixtures
thereof. In one embodiment, the silicon-metal alloy may be a
s1licon-nickel alloy.

According to another embodiment of the present invention,
a method of preparing an anode active material comprises
forming complex material particles containing silicon and
graphite by mixing silicon particles and graphite particles and
milling the mixture. The method further comprises forming a
s1licon-metal alloy and a carbon layer by adding a long-chain
metal carboxylate salt to the complex material particles and
heat-treating the mixture in vacuum or under an inert gas
atmosphere.

The long-chain metal carboxylate salt may include 20 or
more carbon atoms and the metal may be nickel, coballt,
copper, zinc, aluminum or magnesium. Nonlimiting
examples of suitable long-chain metal carboxylate salt
include nickel stearate, nickel oleate, nickel palmitate, nickel
linoleate, nickel laurate, nickel myristate, copper stearate,
copper oleate, copper palmitate, copper linoleate, copper lau-
rate, copper myristate and mixtures thereof.

In one embodiment, the milling may include high energy
ball milling.

In one embodiment, the heat-treatment may be performed
at a temperature of from about 500 to about 1200° C. for about
0.5 to about 5 hours.



US RE43,794 E

3

In one embodiment, the average diameter of the silicon
particles may be from about 0.05 to about 1 um.

In one embodiment, the average diameter of the graphite
particles may be from about 1 to about 20 um.

According to another embodiment of the present invention,
a lithium battery employs the anode active material.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other features and advantages of the present
invention will become more apparent by reference to the
following detailed description when considered 1n conjunc-
tion with the attached drawings in which:

FIG. 1 1s a schematic illustrating an operating mechanism
of a prior art anode active material during charge/discharge;

FIG. 2 1s a sectional view of an anode active material
according to one embodiment of the present invention;

FIG. 3A 1s an X-ray diffraction analysis spectrum of the
anode active material prepared according to Example 1;

FIG. 3B 1s an X-ray diffraction analysis spectrum of the
anode active material prepared according to Example 4;

FIG. 4 1s a Raman spectrum of the anode active material
prepared according to Example 1;

FIG. 5 1s an X-ray diffraction analysis spectrum of the
anode electrode prepared according to Example 5 before
reaction and after charge/discharge; and

FIG. 6 1s a schematic perspective view of a lithium battery
according to one embodiment of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

The present mvention will now be described more fully
with reference to the accompanying drawings, which illus-
trate certain exemplary embodiments of the invention. The
illustrated embodiments are provided for illustrative pur-
poses only and are not to be construed as limiting the mven-
tion. Rather, the mnvention may include many different varia-
tions.

As illustrated 1n FI1G. 2, an anode active material according
to one embodiment of the present invention includes complex
material particles containing silicon and graphite, a carbon
layer covering the surface of the complex matenal particles,
and a silicon-metal alloy formed between the complex mate-
rial particles and the carbon layer.

In another embodiment, the anode active material can com-
prise a {irst material forming a core, a second material form-
ing a shell, and a third material between the core and the shell.
Graphite and silicon can be used for the first material. Graph-
ite (which 1s widely used as a conventional anode active
material) 1s a crystalline-based carbon and retains 1ts capacity
without substantial volume changes during charging/dis-
charging. In order to improve the capacity of such carbon-
based materials, silicon particles (which are inorganic) are
mixed with the carbon-based materials and the mixture 1s
used as the anode active material. Silicon particles have a
theoretical capacity of about 4017 mAh/g, and thus improve
the capacity. However, the volume of the silicon particles
sharply changes during charging/discharging. Therefore,
when silicon and graphite are used as the first material, the
cycle characteristics and the capacity of batteries can be
enhanced.

The weight ratio of silicon to graphite included 1n the first
material may be about 2.0 or less. In one embodiment, the
welght ratio of silicon to graphite 1s about 1.5 or less. In
another embodiment, the weight ratio of silicon to graphite
ranges from about 0.5 to about 1.4. When the weight ratio of
s1licon to graphite 1s greater than about 2.0, the battery may
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have excellent capacity, but the cycle properties may degrade
during operation of the battery. When the weight ratio of
s1licon to graphite 1s less than about 0.5, the capacity is low,
resulting in low energy density during operation of the bat-

tery.

Meanwhile, the volumes of the silicon (which 1s an inor-
ganic material) and the metal (which 1s an intermediate mate-
rial) may expand, which volume changes may cause electrical
insulation, thereby causing a decrease 1n electron conductiv-
ity or 10n conductivity. Therefore, 1n one embodiment of the
present invention, a carbon layer having a strong binding
force 1s formed on the surface of the complex material par-
ticles (which constitute the first material) to prevent volume
expansion.

In general, the volume of active materials repeatedly
increases and decreases during charge/discharge cycles, and
such volume changes are 1rreversible, thereby causing elec-
trical insulation. That 1s, as 1llustrated 1n FIG. 1, metals hav-
ing a higher volume expansion coeflicient than carbon-based
materials may intluence other components or even disinte-
grate due to expansion inside the electrode during charging.
Also, complete restoration does not occur during the dis-
charging process because when the volume of the metal
decreases, excess spaces remain around the metal particles.
Consequently, electrical insulation may occur between active
materials. Such electrical insulation of the active materials
causes a decrease 1n electric capacity, thereby degrading the
performance of the battery.

In one embodiment of the present invention, the carbon
layer prevents volume expansion due to its strong binding
force. The carbon layer may cover a portion of surface or the
entire surface of the complex material particles including
silicon and graphite (which form the first material). In one
embodiment, the carbon layer covers the entire surface of the
complex material particles. In another embodiment, the car-
bon layer uniformly covers the entire surface of the complex
material particles. When the surface of the main material 1s
only partly covered, part of the first material 1s exposed to the
clectrolyte during battery manufacture. The silicon 1n the first
material or the third material may be quickly pulverized when
manufacturing the battery, thereby degrading the cycle prop-
erties of the battery.

The carbon layer may be present in an amount ranging,
from about 1 to about 20 wt % based on the total weight of the
anode active material. In one embodiment, the carbon layer 1s
present 1n an amount ranging from about 3 to about 15 wt %
based on the total weight of the anode active material. When
the carbon layer 1s present 1n an amount greater than about 20
wt %, the discharge capacity of the anode may be low and
fusion may occur, resulting 1n secondary particle formation.
When the carbon layer 1s present 1n an amount less than about
1 wt %, 1t 1s difficult to sufliciently cover the first materal.

The amount of the carbon layer required to suiliciently
cover the complex maternial particles including graphite and
s1licon may vary according to the covering method used, the
average particle diameter of the first material particles, etc.
That 1s, as the average diameter of the first material particles
decreases, the surface area thereof increases, and thus more of
the carbon layer 1s required to completely or sufficiently cover
the surface of the particles. Additionally, the amount of the
carbon layer needed may also vary according to the covering
method, described further below.

According to one embodiment of the present ivention,
metal-organic compounds are used as carbon sources. One
nonlimiting example of a suitable carbon layer 1s an amor-
phous carbon layer formed by sintering organic compounds.




US RE43,794 E

S

According to one embodiment of the present invention, a
metal-silicon alloy as the third material 1s positioned between
the complex material particles including silicon and graphite
as the first matenal and the carbon layer as the second mate-
rial. The metal 1n the metal-organic compound (used as the
carbon source for the carbon layer) 1s bonded with the silicon
included 1n the first material to form the metal-silicon alloy.
The metal-silicon alloy maintains the electron conductivity or
the 1on conductivity between the first material and the second
material. That 1s, the metal-silicon alloy decreases contact
resistance between the two surfaces (which are formed of
different materials).

In the metal-silicon alloy, the molar ratio of metal to silicon
may be about 0.01 or greater. In one embodiment, the molar
ratio ranges from about 0.1 to about 0.5. When the molar ratio
of metal to silicon 1s less than about 0.01, the rate of genera-
tion of the metal-silicon alloy 1s too low to obtain the desired
ellects.

The metal of the metal-silicon alloy may be a transition
metal, a Group II metal or a Group XIII metal. Nonlimiting
examples of suitable metals for the metal-silicon alloy
include nickel, cobalt, copper, zinc, aluminum, magnesium
and mixtures thereof. The metal 1s selected for reactivity with
s1licon and conductivity.

In an anode active material according to one embodiment
of the present invention, the carbon-based material (such as
graphite) used 1n the first material maintains high capacity.
The morganic material (such as silicon) provides high capac-
ity and high energy density. The carbon layer with a strong
binding force 1s formed on the surface of the active material to
prevent volume expansion caused by the inclusion of 1nor-
ganic particles, and to maintain cycle properties. The silicon-
metal alloy 1s not mnvolved 1n the reaction of the carbon layer
with the complex material particles during charging/dis-
charging. The silicon-metal alloy has greater electrical con-
ductivity than silicon alone, and is included 1n the active
material to prevent decreases 1n conductivity caused by con-
tact resistance between the surfaces of two different layers.
The silicon-metal alloy also prevents volume changes during
charging/discharging, and prevents decreases 1n electron con-
ductivity, thereby improving electron conductivity and 1on
conductivity.

According to another embodiment of the present invention,
a method of preparing the anode active material 1s provided.
In one embodiment, a method of preparing an anode active
material icludes forming complex material particles con-
taining silicon and graphite by mixing silicon particles and
graphite particles and milling the mixture. The method fur-
ther comprises forming a silicon-metal alloy and a carbon
layer by adding a long-chain metal carboxylate salt or sul-
fonate salt to the complex material particles and heat-treating
the mixture 1n a vacuum or under an mert gas atmosphere.

According to one embodiment of the method, the anode
active material 1s economically prepared by simple processes
such as milling and sintering.

The silicon particles are simply mixed with the graphite
particles and the mixture 1s fully mixed by milling. During
this process, the silicon particles having smaller average
diameters than the graphite particles are mixed with the
graphite particles by inserting the silicon particles into spaces
between the graphite particles.

The average diameter of the graphite particles may range
from about 1 to about 20 um. In one embodiment, the average
diameter of the graphite particles ranges from about 3 to about
10 um. When the average diameter of the graphite particles 1s
greater than about 20 um, the carbon layer 1s difficult to
uniformly form. When the average diameter of the graphite
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particles 1s less than about 1 um, 1t 1s difficult to properly mix
the silicon particles with the graphite particles.

Any silicon particles having sufliciently small particle
diameters may be used. In one embodiment, for example, the
particle diameter may range from about 0.05 to about 1 um.
When the diameters of the silicon particles are less than about
0.05 um, s1de reactions may occur, such as electrolyte decom-
position caused by an enlarged surface area. When the diam-
cters of the silicon particles are greater than about 1 um,
capacity retention properties may degrade due to volume
change 1n the silicon during charging/discharging.

When the graphite particles and silicon particles are mixed
and the mixture 1s milled, high energy ball milling may be
performed to sufliciently mix the silicon particles into spaces
between the graphite particles. The silicon-graphite complex
maternal particles are formed by this milling process.

Then, a metal-organic compound (e.g. a long-chain metal
carboxylate salt) 1s added to the obtained silicon-graphite
complex material and the mixture i1s heat-treated to form the
metal-silicon alloy as the third material and the carbon layer
as the second maternial. A silicon-carbon alloy may be formed
in addition to the metal-silicon alloy and the carbon layer.
However, such a silicon-carbon alloy minimally affects the
anode active material since the amount of the silicon-carbon
alloy 1s too small.

A long-chain metal carboxylate salt may be used as the
metal-organic compound. The metal included 1n the long-
chain metal carboxylate salt or sulfonate salt may be a metal
source for the metal-silicon alloy, and the long-chain metal
carboxylate salt may be a carbon source for the carbon layer.

The long-chain metal carboxylate salt (which 1s a metal-
organic compound) may include 20 or more carbon atoms and
may include a transition metal, Group II metal, Group XIII
metal, etc. Nonlimiting examples of suitable metals for use in
the long-chain metal carboxylate salt include nickel, coballt,
copper, zinc, aluminum and magnesium. The metal-organic
compound (in particle form) 1s added to and uniformly mixed
with the complex material and the mixture 1s heat-treated. I
desired, the metal-organic compound can be used 1n liquid,
sol or gel form.

Nonlimiting examples of suitable long-chain metal car-
boxylate salts include nickel stearate, nickel oleate, nickel
palmitate, nickel linoleate, nickel laurate, nickel myristate,
copper stearate, copper oleate, copper palmitate, copper
linoleate, copper laurate, copper myristate and mixtures
thereof.

At least one hydrogen atom of the metal-organic com-
pound may be substituted with a proper substituent. Nonlim-
iting examples ol suitable such substituents include alkyl
groups having from 1 to 10 carbon atoms, alkenyl groups
having from 1 to 10 carbon atoms, heteroalkyl groups having
from 1 to 10 carbon atoms, heteroalkenyl groups having from
1 to 10 carbon atoms, halogen atoms, nitro groups, amine
groups, and aryl groups having from 6 to 20 carbon atoms.

The heat-treatment may be performed at a temperature
ranging from about 3500 to about 1200° C. In one embodi-
ment, the heat-treatment 1s performed at a temperature rang-
ing from about 700 to about 1100° C. In yet another embodi-
ment, the heat-treatment i1s performed at a temperature
ranging from about 800 to about 1000° C. When the tempera-
ture 1s less than about 500° C., the carbon layer 1s difficult to
uniformly form and impurities may be included in the carbon
layer. When the temperature 1s greater than about 1200° C.,
the process of preparing the anode active material 1s less
economically effective.

The heat-treatment may be performed for about 0.5 to
about 5 hours. In one embodiment, the heat-treatment 1s per-
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formed for about 1 to about 4 hours. When the heat-treatment
1s performed for less than about 0.5 hours, the effect of the
heat-treatment 1s not suificient. When the heat-treatment 1s
performed for more than about 5 hours, the heat-treatment 1s
less economically effective. The length of heat-treatment can
be adjusted according to the heat-treatment temperature.

The mixture of silicon-graphite complex materials formed
by milling and metal-organic compounds are heat-treated to
uniformly form the carbon layer on the surface of the complex
material particles. The metal-silicon alloy 1s then formed by
bonding metal with silicon.

The obtained anode active material can effectively be used
for lithium batteries. A lithium battery according to one
embodiment of the present invention 1s illustrated 1n FIG. 6.
As shown, one exemplary lithium battery 1 mcludes an elec-
trode assembly comprising a cathode 2, an anode 3, a sepa-
rator 4 separating the cathode 2 and anode 3. The electrode
assembly 1s contained 1n a battery case 5 and sealed to com-
plete the lithium battery 1.

To manufacture an exemplary lithium battery, a cathode
plate 1s first prepared by mixing a cathode active matenal, a
conductive material, a binder, and a solvent to prepare a
cathode active material composition. The cathode active
material composition 1s directly coated on an aluminum cur-
rent collector and dried to prepare a cathode plate. Then, the
cathode active material composition 1s cast on a separate
support to form a film which 1s then removed from the support
and laminated on an aluminum current collector to prepare a
cathode plate.

The cathode active material may be any lithium-containing
metal oxide commonly known in the art. Nonlimiting
examples of suitable such lithium-containing metal oxides
include LiCoO,, LiN1;_Mn O, (0<x<I), L1, _Co Mn O,
(0=x=0.5, 0=y=0.)), efc.

One nonlimiting example of a suitable conductive material
1s carbon black. Nonlimiting examples of suitable binders
include styrene butadiene rubber polymers, vinylidenetluo-
ride/hexatluoropropylene copolymers, polyvinylidenetluo-
ride, polyacrylonitrile, polymethylmethacrylate, polytet-
rafluoroethylene and mixtures thereof. Nonlimiting examples
ol suitable solvents include N-methyl pyrrolidone, acetone,
water, etc. The amounts of the cathode active matenial, the
conductive material, the binder, and the solvent are the same
as those commonly found 1n lithium batteries.

Similarly, an anode active matenal, a conductive material,
a binder, and a solvent are mixed to prepare an anode active
material composition. The anode active material composition
1s directly coated on a copper current collector to prepare an
anode plate. Alternatively, the anode material composition 1s
cast on a separate support to form a film which 1s then sepa-
rated from the support and laminated on the copper current
collector to prepare an anode plate. The amounts of the anode
active material, the conductive material, the binder, and the
solvent are the same as those commonly used 1n lithium
batteries.

The anode active material 1s an anode active material
according to any one of the embodiments described above.
The conducting agent, the binder and the solvent 1n the anode
active material composition are the same as 1n the cathode
active material composition. If desired, a plasticizer may be
added to the cathode active material composition and the
anode active material composition to produce pores inside the
clectrode plates.

Any separator commonly known for use with lithium bat-
ters may be used. For example, the separator may have low
resistance to 1on transter from the electrolyte and good elec-
trolyte 1mpregnation properties. Nonlimiting examples of
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suitable separators include non-woven fabrics, woven fab-
rics, glass fibers, polyester, Teflon, polyethylene, polypropy-
lene, polytetrafluoroethylene (PTFE), and combinations
thereof. In a lithium 1on battery, for example, a windable
separator made of a material such as polyethylene or polypro-
pylene may be used. In a lithium 10n polymer battery, how-
ever, a separator that can be easily impregnated with an
organic electrolyte solution may be used.

One exemplary method for preparing a separator includes
mixing a polymer resin, a filler, and a solvent to prepare a
separator composition. Then, the separator composition 1s
directly coated on an electrode and dried to form a separator
film. Alternatively, the separator composition 1s cast on a
support and dried to form a film which 1s then separated from
the support and laminated on an electrode.

The polymer resin 1s not particularly limited and may be
any material that can be used as a binder for an electrode plate.
Nonlimiting examples of suitable polymer resins include
vinylidenefluoride/hexatluoropropylene copolymers, polyvi-

nylidenefluoride, polyacrylonitrile, polymethylmethacrylate,
and mixtures thereof. In one embodiment, a vinylidenefluo-
ride/hexatluoropropylene copolymer having from about 8 to
about 25 wt % hexatluoropropylene may be used.

As shown 1n FIG. 6, the separator 4 1s positioned between
the cathode plate 2 and the anode plate 3 to form a battery
structure. The battery structure 1s wound or folded and
encased 1n a cylindrical battery case S or a square battery case
(not shown). An organic electrolyte solution 1s then 1njected
into the battery case 5 to complete a lithium 10n battery 1.

Alternatively, the battery structure may be laminated to
form a bi-cell structure and impregnated with an organic
clectrolyte solution. The resultant structure 1s encased 1n a
pouch and sealed to complete a lithtum 10n polymer battery.

The organic electrolytic solution includes a lithium salt and
a mixed organic electrolytic solution including a high dielec-
tric constant solvent and a low boiling point solvent. If
desired, the organic electrolytic solution may further include
various additives such as an overcharge protection agent.

The high dielectric constant solvent used 1n the organic
clectrolytic solution 1s not particularly restricted and can be
any such solvent commonly used in the art. Nonlimiting
examples of suitable high dielectric constant solvents include
v-butyrolactone, cyclic carbonates such as ethylene carbon-
ate, propylene carbonate and butylene carbonate, and the like.

The low boiling point solvent used in the organic electro-
lyte solution 1s also not particularly restricted and may be any
such solvent commonly used in the art. Nonlimiting examples
include dimethoxyethane, diethoxyethane, fatty acid ester
derivatives, chain carbonates such as dimethyl carbonate,
cthylmethyl carbonate, diethyl carbonate and dipropyl car-
bonate, and the like.

The volume ratio of the high dielectric constant solvent to
the low boiling point solvent may range from about 1:1 to
about 1:9. When the volume ratio 1s outside this range, the
discharge capacity and charge/discharge cycle life of the bat-
tery may decrease.

The lithium salt used 1n the organic electrolytic solution
may be any lithium salt that 1s commonly used in lithium
batteries. Nonlimiting examples of suitable lithium salts
include Li1Cl10,, L1CF;SO;, LiPF., LiN(CF;SO,),, LiBF,
L1C(CF;S0,), and LiN(C,F.SO,), and mixtures thereof.

The concentration of the lithium salt 1n the organic elec-
trolytic solution may range from about 0.5 to about 2 M.
When the concentration of the lithium salt 1s less than about
0.5 M, the conductivity of the electrolytic solution 1s low,
resulting 1n degraded performance of the electrolytic solu-
tion. When the concentration of the lithtum salt 1s greater than
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about 2.0 M, the viscosity of the electrolytic solution 1s high,
thereby reducing lithtum 10n mobility.

The present invention will now be described with reference
to the following Examples. However, the following examples
are for 1llustrative purposes only and are not intended to limat
the scope of the invention.

EXAMPLE 1

Silicon particles having primary particles with an average
diameter of 20 um and graphite particles having an average
particle diameter of 6 um were mixed 1n a weight ratio of 1:1.
The mixture was milled for 60 minutes by high energy ball
milling using a 8000M Mill (SPEX, New Jersey). A powdered

nickel stearate was added to the obtained graphite-silicon
complex material particles in a molar ratio of 0.2:1 and the
result was mixed regularly. The mixture was sintered under an
argon atmosphere at 900° C. for 3 hours to prepare an anode
active material including a carbon layer, which formed 6 wt %
of the anode active material.

FIG. 3A 1s an X-ray diffraction analysis spectrum of the
anode active material prepared according to Example 1
above. The spectrum shows that silicon, a silicon-nickel alloy
and graphite were formed as desired, and that silicon-carbon
impurities were also formed.

FIG. 4 1s a Raman spectrum of the anode active material
prepared according to Example 1 above. Referring to FIG. 4,
a Raman peak corresponding to silicon existing on the surface
of the silicon-graphite complex material powder disappeared
alter the formation of the silicon-nickel alloy. This indicates
that silicon on the surface was covered by the mickel-metal
alloy and amorphous carbon. The amorphous carbon on the
surface can be 1dentified by the Raman spectrum. The high
energy milling of the graphite increases the randomness of the
graphite particles. Thus a D band, which 1s found 1n the range
of 1,300 to 1,400 cm™" in the Raman spectrum, is larger than
a G band, which is found in the range of 1,500 to 1,650 cm™'
in the Raman spectrum. According to FIG. 4, the ratio of the
D band to the G band of the silicon-graphite complex was 0.9,
and the ratio of the D band to the G band of the silicon-
graphite complex treated with nickel stearate was only 0.75.
The ratio likely decreased since the damaged surface of the
graphite particles was covered by the amorphous carbon layer
through the nickel stearate treatment

1 g of the anode active material powder prepared according,
to Example 1, 0.3 g of polyvinylidene fluoride (PVDF) as a
binder, and 0.3 g of super P carbon black were mixed with an
N-methyl pyrrolidone (NMP) solution, and the mixture was
coated on a copper foil to prepare an anode plate. L1 was used
as a cathode to prepare a 2016-type coin cell. The coin cell
was charged/discharged 50 times at a voltage of between 1.2
and OV at a current density of 0.3 mA/cm”. Ethylene carbon-
ate (EC) 1n which 1.03 M LiPF, was dissolved, diethyl car-
bonate (DEC) and ethyl-methyl carbonate (EMC) were
mixed 1 a volume ratio of 3:3:4 to form the electrolytic
solution. The results of the charge/discharge processes are
shown 1n Table 1.

EXAMPLE 2

An anode active material was prepared as in Example 1,
except that the molar ratio of mickel to silicon was 0.2:1, the
weight ratio of silicon to graphite was 1.33:1, and the carbon
layer was 6.8 wt % of the anode active material.

A comn cell was manufactured and electrochemical evalu-
ation was performed as in Example 1, except that the anode
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active material prepared according to Example 2 was used.
The results are shown in Table 1.

EXAMPLE 3

An anode active material was prepared as in Example 1,
except that the molar ratio of nickel to silicon was 0.2:1, the
weight ratio of silicon to graphite was 1.2:1, and the carbon
layer was 6.5 wt % of the anode active matenal.

A coin cell was manufactured and electrochemical evalu-
ation was performed as in Example 1, except that the anode

active material prepared according to Example 3 was used.
The results are shown 1n Table 1.

EXAMPLE 4

An anode active material was prepared as in Example 1,
except that the molar ratio of nickel to silicon was 0.2:1, the
weight ratio of silicon to graphite was 0.5:1, and the carbon
layer was 4 wt % of the anode active matenial.

FIG. 3B 1s an X-ray diffraction analysis spectrum of the
anode active material prepared according to Example 4. The
spectrum shows that silicon, a silicon-nickel alloy and graph-
ite were formed as desired and silicon-carbon impurities and
metal nickel impurities were also formed.

A coin cell was manufactured and electrochemical evalu-
ation was performed as 1n Example 1, except that the anode
active material according to Example 4 was used. The results
are shown 1n Table 1.

EXAMPLE 5

An anode active material was prepared as in Example 1,
except that the molar ratio of nickel to silicon was 0.1:1, the
weight ratio of silicon to graphite was 1:1, and the carbon
layer was 3 wt % of the anode active matenial.

A coin cell was manufactured and electrochemical evalu-
ation was performed as in Example 1, except that the anode
active material prepared according to Example 5 was used.
The results are shown 1n Table 1.

EXAMPLE 6

7.5 g of stearic acid and 1.2 g of sodium hydroxide were
added to 300 ml of water and suificiently stirred until they
were completely dissolved. 5.2 g of silver nitrate was added
thereto, and the result was stirred for 3 hours. White powder
on the surface of the result was collected and washed three
times each with distilled water and with methanol to obtain
silver stearate. An anode active material was prepared as 1n
Example 1, except that silver stearate was used 1nstead of
nickel stearate, the molar ratio of silver to silicon was 0.2:1,
the weight ratio of silicon to graphite was 0.5:1, and the
carbon layer was 5.2 wt % of the anode active material.

A coin cell was manufactured and electrochemical evalu-
ation was performed as in Example 1, except that the anode
active material prepared according to Example 6 was used.
The results are shown 1n Table 1.

EXAMPLE 7

14.2 g of stearic acid was added to 200 ml of an ethanol
solution and sufficiently stirred at 60° C. until the stearic acid
was completely dissolved. 5.0 g of copper acetate-monohy-
drate was dissolved 1in 200 ml of ethanol solution. Then, the
two solutions were mixed and stirred for 3 hours. White
powder on the surface of the result was collected and washed



US RE43,794 E

11

three times each with distilled water and with methanol to
obtain copper stearate. An anode active material was prepared
as 1n Example 1, except that copper stearate was used, the
molar ratio of copper to silicon was 0.2:1, the weight ratio of
s1licon to graphite was 0.5:1, and the carbon layer was 6.3 wt
% of the anode active matenal.

A com cell was manufactured and electrochemical evalu-
ation was performed as 1n Example 1, except that the anode
actrve material according to Example 7 was used. The results
are shown 1n Table 1.

COMPARAIIVE EXAMPLE 1

Silicon particles having primary particles with an average
diameter of 20 um and graphite particles having an average
particle diameter of 6 um were mixed 1n a weight ratio of 1:1.
The mixture was pulverized 1n a mortar to prepare a stmply

mixed silicon-graphite powder as an anode maternal.
A coin cell was manufactured and electrochemical evalu-

ation was performed as 1n Example 1, except that the anode
active material according to Comparative Example 1 was
used. The results are shown in Table 1.

COMPARAIIVE EXAMPLE 2

Silicon particles having primary particles with an average
diameter of 20 um and graphite particles having an average
particle diameter of 6 um were mixed 1n a weight ratio of 1:1.
The mixture was milled by high energy ball milling using a
S000M Mill (SPEX, New lJersey) for 60 minutes to prepare a
silicon-graphite complex powder as an anode material.

A coin cell was manufactured and electrochemical evalu-
ation was performed as 1n Example 1, except that the anode

active material according Comparative Example 2 was used.
The results are shown 1n Table 1.

COMPARAIIVE EXAMPLE 3

0.1 gofpolyvinylalcohol (PVA) with amolecular weight of
500 was added to 10 ml of distilled water and stirred until the
PVA was completely dissolved. Then, 1 g of a silicon-graph-
ite complex powder prepared as 1n Comparative Example 2
was added, and the mixture was gradually heated while stir-
ring until the water was completely evaporated to thereby
obtain a solid containing a mixture of PVA and the silicon-
graphite complex.

The solid was heated under an argon atmosphere to 900° C.
for 3 hours to completely carbonize the PVA. Then, the car-
bonized product was pulverized 1in a mortar to prepare a
silicon-graphite complex powder including carbon as an
anode matenal.

A coin cell was manufactured and electrochemical evalu-
ation was performed as in Example 1, except that the anode
active matenal prepared according to Comparative Example
3 was used. The results are shown 1n Table 1.

COMPARAIIVE EXAMPLE 4

Silicon particles having primary particles with an average
diameter of 20 um and graphite particles having an average
particle diameter of 6 um were mixed 1n a weight ratio of 1:2.
The mixture was milled by high energy ball milling using a
S000M mull (SPEX, New Jersey) for 60 minutes to prepare a
silicon/graphite complex powder as an anode material.

A coin cell was manufactured and electrochemical evalu-
ation was performed as in Example 1, except that the anode
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active material prepared according to Comparative Example
4 was used. The results are shown 1n Table 1.

COMPARAIIVE EXAMPLE 5

0.1 g of PVA with a molecular weight of 500 was added to
10 ml of distilled water and stirred until the PVA was com-
pletely dissolved. Then, 1 g of a silicon-graphite complex
powder prepared as 1n Comparative Example 4 was added,
and the mixture was gradually heated while stirring until the
water was completely evaporated to thereby obtain a solid
containing a mixture of PVA and the silicon-graphite com-
plex.

The solid was heated under an argon atmosphere to 900° C.
for 3 hours to completely carbonize the PVA. Then, the car-
bonized product was pulverized 1in a mortar to prepare a
silicon-graphite complex powder including carbon as an
anode material.

A coin cell was manufactured and electrochemical evalu-
ation was performed as in Example 1, except that the anode
active matenial prepared according to Comparative Example
5> was used. The results are shown 1n Table 1.

TABLE 1
Initial Capacity
Composition discharge retention
(N1:S1 = molar ratio, capacity  rate after 50
S1:graphite weight ratio) (mAh/g)  cycles (%)
Example 1 Ni1:S1=0.2:1 1150 45
Si:graphite = 1:1
amount of carbon = 6 wt %
Example 2 Ni1:S1=0.2:1 820 62
Si:graphite = 1.33:1
amount of carbon = 6.8 wt %
Example 3 Ni1:S1=0.2:1 840 74
Si:graphite = 1.2:1
amount of carbon = 6.5 wt %
Example 4 Ni1:S1=0.2:1 850 70
Si:graphite = 0.5:1
amount of carbon = 4 wt %
Example 5 Ni1:S1=0.1:1 707 77
Si:graphite = 1:1
amount of carbon = 3 wt %
Example 6 Ag:S1=0.2:1 806 70
Si:graphite = 0.5:1
amount of carbon = 5.2 wt %
Example 7 Cu:S1=0.2:1 814 69
Si:graphite = 0.5:1
amount of carbon = 6.3 wt %
Comparative Si:graphite = 1:1 1234 5
Example 1 simply mixed powder
Comparative Si:graphite = 1:1 1470 11
Example 2 complex powder
Comparative Si:graphite:carbon = 1:1:0.1 1190 21
Example 3 amount of carbon = 10 wt %
Comparative Si:graphite = 0.5:1 1001 26
Example 4
Comparative Si:graphite:carbon = 0.5:1:0.1 900 10
Example 5

As shown 1n Table 1, the anode active materials of
Examples 1 to 7 exlibited lower 1nitial discharge capacities
than those of Comparative Examples 1 to 5. However, the
capacities of the anode active materials of Examples 1 to 7 are
more than twice those of graphite-based anode active mate-
rials (which have capacities of 350 mAh/g) and showed
greater capacity retention after S0 cycles than those of the
Comparative Examples. Excellent capacity retention proper-
ties are obtained by including the carbon layer and the nickel-
silicon alloy, which prevent decreases 1n electrical conduc-
tivity inside the electrode, which decreases are normally
caused by surface volume expansion during charging and
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discharging. The nickel-silicon alloy (which 1s notinvolved in
the charge/discharge reactions) prevents the volume expan-
s1ion and decreases volume changes inside the electrode.

FIG. 5 1s an X-ray diffraction analysis spectrum of the
anode electrode prepared according to Example 5, taken
before reactions and after one charge/discharge cycle. The
nickel-silicon alloy and nickel (which were not 1involved in
the charge/discharge reactions) maintained their crystallinity.
However, the crystallinity of the silicon sharply decreased
alter one charge/discharge cycle due to volume expansion and
the damage caused by the volume expansion. Since the nickel
and nickel-silicon alloy maintain their crystallinity, volume
expansion and electrical conductivity decreases can be pre-
vented using the nickel and nickel-silicon alloy. Therefore,
factors causing resistance inside the electrode can be pre-
vented, thereby improving the capacity retention properties
of the electrode.

The anode active matenals according to the present mven-
tion have high capacity and excellent capacity retention prop-
erties. The cycle properties of batteries using these anode
active materials are also enhanced. Also, the anode active
materials according to the present invention can be prepared
by simple processes.

While the present mvention has been illustrated and
described with reference to certain exemplary embodiments,
it will be understood by those of ordinary skill 1n the art that
various modifications and alterations may be made without
departing from the spirit and scope of the present invention as
defined by the following claims.

What 1s claimed 1s:

1. An anode active material comprising;

a first material comprising a plurality of complex materal

particles comprising silicon and graphite;

a second material comprising a carbon layer covering at

least a portion of a surface of the first matenial; and

a third material comprising a silicon-metal alloy, the third

material being formed between the first material and the
second materal.

2. The anode active material of claim 1, wherein the weight
rat1o of silicon to graphite 1n the first material 1s about 2.0 or
less.

3. The anode active material of claim 1, wherein the weight
rat10 of silicon to graphite 1n the first material 1s about 1.5 or
less.

4. The anode active material of claim 1, wherein the weight
rat1o of silicon to graphite 1n the first material ranges from
about 0.5 to about 1.4.

5. The anode active material of claim 1, wherein the molar
ratio ol metal to silicon 1n the silicon-metal alloy 1s about 0.01
Or greater.

6. The anode active material of claim 1, wherein the molar
ratio of metal to silicon 1n the silicon-metal alloy ranges from
about 0.1 to about 0.3.

7. The anode active material of claim 1, wherein the carbon
layer 1s an amorphous carbon layer.

8. The anode active material of claim 1, wherein ¢t4ze carbon
layer 1s present in an amount ranging from about 1 to about 20
wt % based on the total weight of the anode active material.

9. The anode active material of claim 1, wherein t4e carbon
layer 1s present 1n an amount ranging from about 3 to about 15
wt % based on the total weight of the anode active material.

10. The anode active material of claim 1, wherein the metal
of the silicon-metal alloy 1s selected from the group consist-
ing of nickel, cobalt, copper, zinc, aluminum and magnesium.

11. The anode active material of claim 1, wherein the
silicon-metal alloy is a silicon-nickel alloy.
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12. The anode active material of claim 1, wherein the
carbon layer covers the entire surface of the first matenal.

13. A lithium battery comprising:

a cathode;

an anode comprising the anode active material according to

claim 1; and
a separator.
14. A method of preparing an anode active matenal, the
method comprising:
providing a mixture of silicon particles and graphite par-
ticles and milling the mixture to form a milled mixture;

adding to the milled mixture a salt selected from the group
consisting of long-chain metal carboxylate salts and
long-chain metal sulfonate salts to form a second mix-
ture; and

heat-treating the second mixture 1 an environment

selected from the group consisting of a vacuum and an
inert gas atmosphere.

15. The method of claim 14, wherein the salt comprises 20
or more carbon atoms and the metal 1s selected from the group
consisting of nickel, cobalt, copper, zinc, aluminum and mag-
nesium.

16. The method of claim 14, wherein the salt 1s selected
from the group consisting of nickel stearate, nickel oleate,
nickel palmaitate, nickel linoleate, nickel laurate, nickel
myristate, copper stearate, copper oleate, copper palmitate,
copper linoleate, copper laurate and copper myristate.

17. The method of claim 14, wherein milling the mixture
comprises high energy ball milling.

18. The method of claim 14, wherein the heat-treatment 1s
performed at a temperature ranging from about 300 to about
1200° C. for a period of time ranging from about 0.5 to about
S hours.

19. The method of claim 14, wherein an average particle
diameter of the silicon particles ranges from about 0.05 to
about 1 um.

20. The method of claim 14, wherein an average particle
diameter of the graphite particles ranges from about 1 to about
20 um.

21. The lithium battery of claim 13, wherein the weight
ratio of silicon to graphite in the first material is about 2.0 or
less.

22. The lithium battery of claim 13, wherein the weight
ratio of silicon to graphite in the first material is about 1.5 or
less.

23. The lithium battery of claim 13, wherein the weight
ratio of silicon to graphite in the first material vranges from
about 0.5 to about 1.4.

24. The lithium battery of claim 13, wherein the molar rvatio
of metal to silicon in the silicon-metal alloy is about 0.01 or
greater.

25. The lithium battery of claim 13, wherein the molar rvatio
of metal to silicon in the silicon-metal alloy vanges from about
0.1 to about 0.5.

26. The lithium battery of claim 13, wherein the carbon
laver is an amorphous carbon layer.

27. The lithium battery of claim 13, wherein the carbon
laver is present in an amount vanging from about 1 to about
20 wt % based on the total weight of the anode active mate-
rial.

28. The lithium battery of claim 13, wherein the carbon
layer is present in an amount vanging from about 3 to about
15 wt % based on the total weight of the anode active mate-
rial.

29. The lithium battery of claim 13, whevein the metal of the
silicon-metal alloy is selected from the group consisting of
nickel, cobalt, copper, zinc, aluminum and magnesium.
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30. The lithium battery of claim 13, wherein the silicon- 34. An anode active material comprising:

metal alloy is a silicon-nickel alloy. a first material comprising a plurality of complex material
31. The lithium battery of claim 13, wherein the carbon particles comprising silicon and graphite;

layer covers the entire surface of the first material. a second material comprising a carbon laver on at least a
32. Thelithium battery of claim 13, wherein the metal of the 5 portion of a surface of the first material; and

silicon-metal alloy is selected from the group consisting of
Transition metals, Group Il metals, and Group XIII metals.
33. The anode active material of claim 1, wherein the metal
of the silicon-metal alloy is selected from the group consisting
of Transition metals, Group Il metals, and Group XIII metals. I T

a thivd material on at least a portion of the first material,
the third material comprising a silicon-metal alloy.
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