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57 ABSTRACT

Anode active materials for lithium secondary batteries are
provided. According to embodiments of the present disclo-
sure, an anode active material includes: 1) a first composite
including at least two active silicon materials having differ-
ent crystal sizes and a silicon oxide (SiO,)) material (wherein
0<x=<2); ii) a second composite including an active silicon
material having a crystal size of about 24 nm or greater and
a silicon oxide (SiO,) material(wherein 0<x<2), mixed with
a carbonaceous material; or a mixture or combination of (i)
and (ii). A lithium secondary battery is provided including an
anode including any one of the anode active materials.
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FIG. 4
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FIG. 8A
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FIG. 9A
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FIG. 10A
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FIG. 11A
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ANODE ACTIVE MATERIAL FOR LITHIUM
SECONDARY BATTERY AND LITHIUM
SECONDARY BATTERY COMPRISING

ANODE INCLUDING THE ANODE ACTIVE
MATERIAL

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims priority to and the benefit
of Korean Patent Application No. 10-2017-0054506, filed
on Apr. 27, 2017, in the Korean Intellectual Property Office,
the entire content of which is incorporated herein by refer-
ence.

BACKGROUND

1. Field

[0002] Aspects of one or more embodiments of the present
disclosure relate to an anode active material for a lithium
secondary battery, and a lithium secondary battery including
an anode including the anode active material.

2. Description of the Related Art

[0003] With technological advances in portable electronic
devices and communication devices, demand has increased
for the development of lithium secondary batteries with high
energy density.

[0004] A silicon-containing material may be used as an
anode active material of a lithium secondary battery. Such a
silicon-containing material may have a high capacity but
poor lifetime characteristics compared to other anode active
materials. Accordingly, further improvement is required in
this regard.

SUMMARY

[0005] One or more aspects of embodiments of the present
disclosure include an anode active material for a lithium
secondary battery providing good initial efficiency and
improved capacity and lifetime characteristics.

[0006] One or more aspects of embodiments of the present
disclosure include a lithium secondary battery having
improved cell performance by including an anode including
the anode active material.

[0007] Additional aspects will be set forth in part in the
description which follows and, in part, will be apparent from
the description, or may be learned by practice of the pre-
sented embodiments.

[0008] According to one or more embodiments of the
present disclosure, an anode active material for a lithium
secondary battery includes a first composite including: at
least two active silicon materials having different crystal
sizes and a silicon oxide (SiO,) material (wherein 0<x<2).
[0009] According to one or more embodiments of the
present disclosure, an anode active material for a lithium
secondary battery includes: a second composite including
active silicon having a crystal size of about 24 nm or greater
and a silicon oxide (Si0,) material (wherein 0<x=2); and a
carbonaceous material.

[0010] According to one or more embodiments of the
present disclosure, an anode active material for a lithium
secondary battery includes: i) a first composite including at
least two active silicon materials having different crystal
sizes and a silicon oxide (SiO,) material (wherein 0<x<2);
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and ii) a second composite including active silicon having a
crystal size of about 24 nm or greater and a silicon oxide
(Si0,) material (wherein 0<x=2), and a carbonaceous mate-
rial (e.g., a second composite mixed with a carbonaceous
material).

[0011] According to one or more embodiments of the
present disclosure, a lithium secondary battery includes: a
cathode including a cathode active material; an anode
including one of the anode active materials according to the
above-described embodiments; and an electrolyte between
the cathode and the anode.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] These and/or other aspects will become apparent
and more readily appreciated from the following description
of the embodiments, taken in conjunction with the accom-
panying drawings, in which:

[0013] FIG. 1 is a schematic view illustrating a structure
of a lithium secondary battery according to an embodiment
of the present disclosure;

[0014] FIGS. 2 to 4 are scanning electron microscopy
(SEM) images of the anode active materials of Examples 1
to 3, respectively;

[0015] FIG. 5 is a graph illustrating the lifetime charac-
teristics of coin cells of

[0016] Manufacture Examples 1 to 3 and Comparative
Manufacture Example 1;

[0017] FIG. 6 is a graph illustrating the lifetime charac-
teristics of coin cells of Manufacture Examples 4 to 8 and
Comparative Manufacture Example 2;

[0018] FIGS. 7A and 7B are transmission electron micros-
copy (TEM) images of the anode active material of Example

[0019] FIGS. 8A and 8B are TEM images of the anode
active material of Example 10;

[0020] FIGS. 9A and 9B are TEM images of the anode
active material of Example 12;

[0021] FIGS. 10A and 10B are TEM images of the anode
active material of Example 13;

[0022] FIGS. 11A and 11B are TEM images of the com-
position for forming an anode active material film before
thermal treatment to form the anode active material of
Example 1;

[0023] FIGS. 12A to 12E illustrate X-ray diffraction
analysis results of the anode active materials of Example 1
and Examples 10 to 13, respectively, and FIG. 12F illustrates
X-ray diffraction analysis results before the thermal treat-
ment to prepare the anode active material of Example 1;
[0024] FIG. 13 is a graph of voltage with respect to
capacity in the coin cells of Manufacture Examples 4 and 9
and Comparative Manufacture Example 3; and

[0025] FIG. 14 is a graph illustrating lifetime character-
istics of the coin cells of Manufacture Examples 4 and 9 and
Comparative Manufacture Example 3.

DETAILED DESCRIPTION

[0026] Reference will now be made in more detail to
embodiments, examples of which are illustrated in the
accompanying drawings, wherein like reference numerals
refer to like elements throughout and duplicative descrip-
tions thereof may not be provided. In this regard, the present
embodiments may have different forms and should not be
construed as being limited to the descriptions set forth
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herein. Accordingly, the embodiments are merely described
below, by referring to the figures, to explain aspects of the
present description. As used herein, the term “and/or”
includes any and all combinations of one or more of the
associated listed items. Expressions such as “at least one of,”
and “one of,” when preceding a list of elements, modify the
entire list of elements and do not modify the individual
elements of the list.

[0027] The thicknesses of layers, films, panels, regions,
etc., may be exaggerated in the drawings for clarity. It will
be understood that when an element such as a layer, film,
region, or substrate is referred to as being “on” another
element, it can be directly on the other element or interven-
ing element(s) may also be present. In contrast, when an
element is referred to as being “directly on” another element,
no intervening elements are present.

[0028] Hereinafter, example embodiments of an anode
active material for a lithium secondary battery, a lithium
secondary battery including an anode including the anode
active material, and a method of manufacturing the lithium
secondary battery will be described in greater detail.
[0029] According to one or more aspects of embodiments
of the present disclosure, an anode active material for a
lithium secondary battery includes a first composite includ-
ing at least two active silicon materials having different
crystal sizes and a silicon oxide (SiO,) material (wherein
0<x<2).

[0030] In one or more embodiments, the first composite
may contain, for example, a large-particle diameter active
silicon material and a small-particle diameter active silicon
material. As used herein, the term “large-particle diameter
active silicon material” may refer to an active silicon mate-
rial having a relatively large crystal size, and the term
“small-particle diameter active silicon material ”* may refer
to an active silicon material having a relatively small crystal
size as compared to the large-particle diameter active silicon
material.

[0031] Silicon materials have good capacity characteris-
tics, but unsatisfactory lifetime characteristics. Accordingly,
further improvement is required in this regard. In addition,
silicon oxides have low initial efficiency.

[0032] To address these drawbacks, the present disclosure
provides an anode active material including an active silicon
material and a silicon oxide (SiO,) material (wherein 0<x<2)
including inactive silicon. The active silicon may reversibly
react with lithium ions (e.g., intercalate/deintercalate or
dope/de-dope lithium ions) and is directly related to (e.g.,
may provide for) the capacity of the anode active material.
The inactive silicon may form an inactive silicon matrix that
does not react with lithium ions, and thus may suppress
volume expansion of the anode active material.

[0033] In the anode active material of the present disclo-
sure, the active silicon material is dispersed in a silicon
oxide (SiO,) matrix (wherein 0<x=2) including the inactive
silicon. The anode active material may include the active
silicon material having an increased (e.g., relatively large)
crystal size. The lithium secondary battery including an
anode using the anode active material may have improved
initial efficiency and capacity. The capacity of the lithium
secondary battery may gradually increase due to reaction of
the active material with lithium as charging and discharging
is repeated. The silicon oxide material in the anode active
material may be a crystalline silicon oxide material. The at
least two active silicon materials having different crystal
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sizes may include, for example, a mixture or combination of
a large-particle diameter active silicon material and a small-
particle diameter active silicon material.

[0034] When an anode active material includes only a
large-particle diameter active silicon material, onset of
capacity characteristics of the anode active material (e.g., the
increase in capacity with cycling) may be delayed, resulting
in insufficient initial efficiency. Accordingly, an improve-
ment is required in this regard. However, as the anode active
material according to an embodiment of the present disclo-
sure includes the at least two active silicon materials having
different crystal sizes, for example, a large-particle diameter
active silicon material and a small-particle diameter active
silicon material, the anode active material may have
increased capacity and improved lifetime due to reaction
with lithium as charging and discharging is repeated. A
compensation anode may be manufactured using this anode
active material.

[0035] The large-particle diameter active silicon material
may have a crystal size of about 24 nm to about 40 nm, for
example, about 25 nm to about 35 nm. The small-particle
diameter active silicon material may have a crystal size of
about 8 nm to about 12 nm, for example, about 9 nm to about
10 nm.

[0036] An amount of the small-particle diameter active
silicon material may be about 20 wt % to about 80 wt %
based on a total (e.g., combined) weight (100 wt %) of the
large-particle diameter active silicon material and the small-
particle diameter active silicon material. When the amount
of the small-particle diameter active silicon material is
within this range, an anode having improved initial effi-
ciency may be manufactured.

[0037] In the first composite including the at least two
active silicon materials having different crystal sizes and the
silicon oxide (SiO,) material (wherein 0<x=<2), a total (e.g.,
combined) amount of the at least two active silicon materials
having different crystal sizes may be about 25 wt % to about
50 wt % based on a total (e.g., combined) weight (100 wt %)
of the at least two active silicon materials having different
crystal sizes with the silicon oxide material. When the
amount of the at least two active silicon materials having
different crystal sizes is within this range, a lithium second-
ary battery having improved discharge capacity and good
lifetime characteristics may be manufactured.

[0038] As used herein, the term “crystal size” may refer to
an average particle diameter of active silicon crystals when
the active silicon material is in the form of spherical par-
ticles, or may refer to a length of a major axis of active
silicon crystals when the active silicon material is not in a
spherical form, for example, in the form of non-spherical
particles.

[0039] Insome embodiments, the crystal size in the anode
active material may be measured using any suitable method
available to one of ordinary skill in the art. For example, the
crystal size may be calculated based on a full width at half
maximum (FWHM) of a peak at a 20 of about 28.5° as
obtained by X-ray diffraction analysis.

[0040] As used herein, the term “average particle diam-
eter” may correspond to “D50”, which refers to the 50th
percentile particle size in the cumulative distribution of total
particles accumulated from smallest to largest in size (as-
cending order), wherein a total number of the accumulated
particles is taken to be 100%. The average particle diameter
may be measured and determined using any suitable method
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available to one of ordinary skill in the art, for example,
using a particle size analyzer, transmission electron micros-
copy (TEM) imaging, or scanning electron microscopy
(SEM) imaging. As another method, the average particle
diameter may be measured using a dynamic light scattering
instrument, wherein the number of particles in a certain
range of sizes may be counted using dynamic light scatter-
ing, and the average particle diameter may be calculated
from the counted number of the particles.

[0041] According to another aspect of embodiments of the
present disclosure, an anode active material for a lithium
secondary battery includes: a second composite comprising
an active silicon material having a crystal size of about 24
nm or greater and a silicon oxide (SiO,) (wherein 0<x<2);
and a carbonaceous material.

[0042] The carbonaceous material may be any suitable
material available in the art. For example, the carbonaceous
material may be at least one selected from graphite, carbon
black, graphite, carbon nanotubes, carbon nanofibers, gra-
phene, pitch, and vacuum-grown carbon fibers.

[0043] The second composite of the anode active material
may have good capacity characteristics (e.g., high capacity)
but may exhibit a delayed onset of capacity (e.g., a
decreased initial capacity), and thus initial efficiency may be
unsatisfactory. Furthermore, when the active silicon material
has large crystals, the anode active material may have
increased resistance, which can inhibit diffusion of lithium
and delay capacity onset (e.g., delay utilization of the full
capacity) of the anode active material. Accordingly, when
the carbonaceous material described above is included in the
second composite, a lithium secondary battery having
improved initial efficiency and good discharge capacity may
be manufactured.

[0044] The active silicon material in the second composite
may have a crystal size of about 24 nm or greater, for
example, about 24 nm to about 40 nm. A total (e.g., full or
final) amount of the active silicon material having a crystal
size of about 24 nm or greater in the second composite may
be about 3 wt % to about 25 wt %, and the amount of the
carbonaceous material may be about 75 wt % to about 97 wt
% (e.g., based on a total (combined) weight of the second
composite with the carbonaceous material). When the
amount of the active silicon having a crystal size of about 24
nm or greater is within this range, a lithium secondary
battery having good discharge capacity and lifetime char-
acteristics may be manufactured.

[0045]  According to another aspect of the present disclo-
sure, an anode active material for a lithium secondary
battery includes: i) a first composite including at least two
active silicon materials having different crystal sizes and a
silicon oxide (SiO,) (wherein 0<x=<2); and ii) a second
composite including an active silicon material having a
crystal size of about 24 nm or greater and a silicon oxide
(Si0O,) (wherein 0<x=<2), and a carbonaceous material (e.g.,
a second composite mixed with a carbonaceous material).

[0046] An amount of the first composite in the anode
active material may be about 30 wt % to about 50 wt %
based on a total (e.g., combined) weight of the anode active
material. When the amount of the first composite is within
this range, a lithium secondary battery having good initial
efficiency, discharge capacity, and lifetime characteristics
may be manufactured using the anode active material.
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[0047] In some embodiments, the anode active material
may have a D90 of about 10 pum to about 12 um and a D10
of about 3 um to about 5 pm.

[0048] As used herein, the terms “D90” and “D10” may
refer to the particle sizes of the 90th and 10th percentiles,
respectively, in the cumulative distribution of total particles.
The term “D95” may refer to a particle size at 95th percen-
tile in the cumulative distribution of the particles. These
particle sizes of the anode active material may be measured
using any suitable method available to one of ordinary skill
in the art.

[0049] A method of preparing an anode active material
according to an embodiment of the present disclosure will
now be described.

[0050] First, a method of preparing an anode active mate-
rial including a first composite including at least two active
silicon materials having different crystal sizes and a silicon
oxide (SiO,) material (wherein 0<x=2) will be described.
[0051] An amorphous silicon oxide (SiO,) material
(wherein 0<x<2) and an amorphous silicon material may be
mixed together to obtain a composition for forming an anode
active material. The amorphous silicon oxide may have an
average particle diameter of about 5 pm to about 7 pm, and
the amorphous silicon material may have an average particle
diameter of about 5 um to about 15 pum.

[0052] The composition for forming an anode active mate-
rial may be thermally treated at a temperature in a range of
about 1000° C. to about 1500° C., for example, about 1100°
C. to about 1300° C. The thermal treatment may be per-
formed under an inert gas atmosphere to obtain the anode
active material including the first composite.

[0053] The inert gas atmosphere may be created using an
inert gas (such as argon (Ar), nitrogen (N,), helium (He),
and/or the like).

[0054] As the thermal treatment temperature of the com-
position for forming an anode active material is increased,
the crystal size of the silicon material in the anode active
material may be increased, and the amorphous silicon oxide
and the amorphous silicon may be changed into crystalline
silicon oxide and crystalline silicon, respectively.

[0055] A second composite including a large-particle
diameter active silicon material having a crystal size of
about 24 nm or greater and an amorphous silicon oxide
(Si0,) (wherein 0<x<2) may be prepared in the same
manner as the first composite described above, except that
the thermal treatment may be performed in a temperature
range of about 1400° C. to about 1500° C.

[0056] A composite including a small-particle diameter
active silicon material having a crystal size of about 8 nm to
about 12 nm and an amorphous silicon oxide material may
be prepared in the same manner as the first composite
described above, except that the thermal treatment may be
performed at a temperature of about 1100° C. to about 1200°
C.

[0057] According to one or more embodiments of the
present disclosure, a first composite including a large-
particle diameter active silicon material having a crystal size
of about 24 nm or greater, a small-particle diameter active
silicon material having a crystal size of about 8 nm to about
12 nm, and an amorphous silicon oxide (SiO,) material
(wherein 0<x=2) may be prepared by mixing i) the com-
posite including the large-particle diameter active silicon
material and the amorphous silicon oxide (SiO,) material
(wherein 0<x<2), prepared as described above, and ii) the
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composite including the small-particle diameter active sili-
con material and the amorphous silicon oxide (SiO,) mate-
rial (wherein 0<x=<2), prepared as described above, in a
predetermined ratio.

[0058] In some embodiments, an anode active material
including a first composite including a large-particle diam-
eter active silicon material having a crystal size of about 24
nm or greater, a small-particle diameter active silicon mate-
rial having a crystal size of about 8 nm to about 12 nm, and
an amorphous silicon oxide (SiO,) material (wherein
0<x=<2), may be obtained through a single thermal treatment
process.

[0059] In some embodiments, an anode active material
including: a second composite including a large-particle
diameter active silicon material having a crystal size of
about 24 nm or greater and a silicon oxide (SiO,) material
(wherein 0<x=<2); and a carbonaceous material, may be
prepared by obtaining the second composite including the
large-particle diameter active silicon material having a crys-
tal size of about 24 nm or greater and the silicon oxide
(SiO,) material (wherein 0<x=2) according to an above-
described process, and subsequently adding a carbonaceous
material to the second composite in a predetermined ratio
and mixing them together.

[0060] In some embodiments, an anode active material
including: i) a first composite including at least two active
silicon materials having different crystal sizes and a silicon
oxide (SiO,) material (wherein 0<x=2); and ii) a second
composite including an active silicon material having a
crystal size of about 24 nm or greater and a silicon oxide
(Si0O,) material (wherein 0<x=2), and a carbonaceous mate-
rial, may be prepared by obtaining a mixture or combination
of the second composite prepared according to an above-
described method with the carbonaceous material, and mix-
ing or combining said mixture or combination with the first
composite prepared according to an above-described
method.

[0061] Hereinafter, a method of manufacturing an anode
using an anode active material according to any of the
above-described embodiments, and a method of manufac-
turing a lithium second battery including this anode will now
be described.

[0062] An anode active material according to any of the
above-described embodiments, a conducting agent, a binder,
and a solvent may be mixed to prepare a composition for
forming an anode active material film. This composition
may be directly coated on a copper current collector to form
an anode active material film, thereby manufacturing an
anode including the anode active material film.

[0063] Insomeembodiments, the composition for forming
an anode active material film may be cast on a separate
support to form an anode active material film. This anode
active material film may then be separated from the support
and laminated on a copper current collector, thereby manu-
facturing an anode.

[0064] In some embodiments, in addition to an anode
active material according to any of the above-described
embodiments, another anode active material available in the
art may be used. This other anode active material may be any
suitable anode active material for a lithium secondary bat-
tery available in the art. For example, the common anode
active material may include at least one selected from the
group consisting of lithium metal, a metal alloyable with
lithium, a transition metal oxide, a non-transition metal
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oxide, and a carbonaceous material. For example, the metal
alloyable with lithium may be silicon (Si), tin (Sn), alumi-
num (Al), germanium (Ge), lead

[0065] (Pb), bismuth (Bi), antimony (Sb), a Si-Y alloy
(wherein Y may be an alkali metal, an alkali earth metal, a
Group 13 to Group 16 element excluding Si, a transition
metal, a rare earth element, or a combination thereof), a
Sn-Y alloy (wherein Y may be an alkali metal, an alkali earth
metal, a Group 13 to Group 16 element excluding Sn, a
transition metal, a rare earth element, or a combination
thereof), or the like. In the Si-Y alloy and the Sn-Y alloy, Y
may be magnesium (Mg), calcium (Ca), strontium (Sr),
barium (Ba), radium (Ra), scandium (Sc), yttrium (Y),
titanium (T1), zirconium (Zr), hafnium (Hf), rutherfordium
(Rf), vanadium (V), niobium (Nb), tantalum (Ta), dubnium
(Db), chromium (Cr), molybdenum (Mo), tungsten (W),
seaborgium (Sg), technetium (Tc¢), rhenium (Re), bohrium
(Bh), iron (Fe), lead (Pb), ruthenium (Ru), osmium (Os),
hassium (Hs), rhodium (Rh), iridium (Ir), palladium (Pd),
platinum (Pt), copper (Cu), silver (Ag), gold (Au), zinc (Zn),
cadmium (Cd), boron (B), aluminum (Al), gallium (Ga), tin
(Sn), indium (In), thallium (TT), germanium (Ge), phospho-
rus (P), arsenic (As), antimony (Sb), bismuth (Bi), sulfur (S),
selenium (Se), tellurium (Te), polonium (Po), or any com-
bination thereof. For example, the transition metal oxide
may be a lithium titanium oxide, a vanadium oxide, or a
lithium vanadium oxide. For example, the non-transition
metal oxide may be SnO, or SiO, (wherein 0<x<2).
[0066] The conducting agent may be a carbonaceous
material such as carbon black, graphite particulates, natural
graphite, artificial graphite, acetylene black, Ketjenblack, or
carbon fibers; carbon nanotubes; a metal powder, metal
fibers, or metal tubes of copper, nickel, aluminum, or silver;
or a conducting polymer such as a polyphenylene derivative.
However, embodiments of the present disclosure are not
limited thereto. Any suitable conducting agent available in
the art may be used.

[0067] The binder may be, for example, a vinylidene
fluoride/hexafluoropropylene copolymer, polyvinylidene
fluoride (PVDF), polyacrylonitrile, polymethyl methacry-
late, polytetrafluoroethylene (PTFE), any mixture or com-
bination thereof, or a styrene-butadiene rubber polymer.
However, embodiments of the present disclosure are not
limited thereto. Any material available as a binding agent in
the art may be used. For example, the solvent may be
N-methyl-pyrrolidone (NMP), acetone, and/or water. How-
ever, embodiments of the present disclosure are not limited
thereto. Any suitable solvent available in the art may be
used.

[0068] The amounts of the anode active material, the
conducting agent, the binder, and the solvent may be the
same as those generally used in the art for lithium secondary
batteries. At least one of the conducting agent, the binder,
and the solvent may be omitted depending on the use and
structure of the lithium secondary battery. For applications
in other types or kinds of electrochemical cells such as
supercapacitors (e.g., other than lithium secondary batter-
ies), the method of manufacturing the anode and the com-
position and the structure of the anode may be appropriately
varied. For example, an anode for a capacitor may be
manufactured by disposing a metal structure on a conductive
substrate, and coating a composition for forming an anode
active material according to an embodiment described above
on the metal structure. In some embodiments, an anode for
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a capacitor may be manufactured by directly coating the
above-described anode active material composition on a
conductive substrate.

[0069] A cathode including a cathode active material may
be manufactured as follows.

[0070] First, a cathode active material, a conducting agent,
a binder, and a solvent may be mixed to prepare a compo-
sition for forming a cathode active material. The composi-
tion for forming a cathode active material may be directly
coated on an current collector and dried to form a cathode
including a cathode active material film. In some embodi-
ments, a cathode active material film forming composition
may be cast on a separate support to form a cathode active
material film. This cathode active material film may then be
separated from the support and laminated on an aluminum
current collector to thereby manufacture a cathode including
the cathode active material film. In some embodiments, the
cathode active material may further include a common
cathode active material. The common cathode active mate-
rial may be any cathode active material available in the art,
for example, a lithium-containing metal oxide. For example,
the common cathode active material may be at least one of
a lithium composite oxide with a metal selected from among
cobalt, manganese, nickel, and a combination thereof. The
lithium-containing metal oxide may be a compound repre-
sented by one of the following formulae: Li A, ,B',D',
(wherein 0.90=a=<1.8, and 0Os<b=0.5); Li,E, ,B',0, D',
(wherein 0.90=a<1.8, 0<b<0.5, and 0=<c=<0.05); LiE,_
»B',0, D'  (wherein 0sb=0.5, and 0=c=<0.05); LiNi, ,
«Co,B' D', (wherein 0.90=a<1.8, 0<b=0.5, 0=c=0.05, and
0<as<2); LiNi, , Co,B' 0, F', (wherein 0.90<a<l.8,
0=<b=0.5, 0=c=<0.05, and 0<o<2); Li Ni, , Co,B' O, F',
(wherein 0.90=<a<1.8, 0<b=0.5, 0=c=<0.05, and 0<a<2);
Li,Ni, , Mn,B' D', (wherein 0.90=a<1.8, 0=b=0.5,
0=c=<0.05, and 0=02); Li Ni, , Mn,B' O, F', (wherein
0.90=a<1.8, 0=b=0.5, 0=c=0.05, and O<o<2); LiNi, ,
eMn,B' 0, ,F', (wherein 0.90=a<1.8, 0=b=0.5, 0=c=0.05,
and 0<o<2); Li,Ni, E_G O, (wherein 0.90=a<1.80, O<b=0.
9, 0=c<0.5, and 0.001=d<0.1); Li,Ni,CoMn,GeO,
(wherein 0.90=a<1.8, 0<b=0.9, 0=c=0.5, 0=d=<0.5, and

0.001=<e<0.1); LiNiG,0, (wherein 0.90=a<1.8, and
0.001<b=<0.1); Li,CoG,O,(wherein 0.90<a<1.8, and
0.001=b=<0.1); Li,MnG,O, (wherein 0.90<a<l.8, and

0.001=b=<0.1); L, M,,G,0, (wherein 0.90=a<1.8, and
0.001=b=0.1); QO,; QS,; LiQS,; V,Os; LiV,0s; Lil',O,;
LiNiVO,; Lig_5J5(PO4)s(wherein 0=fx2); Lij; sFe,(PO,),
(wherein 0<f<2); and LiFePO.,,.

[0071] In the formulae above, A may be selected from the
group consisting of nickel (Ni), cobalt (Co), manganese
(Mn), and combinations thereof, B' may be selected from
the group consisting of aluminum (Al), nickel (Ni), cobalt
(Co), manganese (Mn), chromium (Cr), iron (Fe), magne-
sium (Mg), strontium (Sr), vanadium (V), a rare earth
element, and combinations thereof; D' may be selected from
the group consisting of oxygen (O), fluorine (F), sulfur (S),
phosphorus (P), and combinations thereof; E may be
selected from the group consisting of cobalt (Co), manga-
nese (Mn), and combinations thereof; F' may be selected
from the group consisting of fluorine (F), sulfur (S), phos-
phorus (P), and combinations thereof; G may be selected
from the group consisting of aluminum (Al), chromium (Cr),
manganese (Mn), iron (Fe), magnesium (Mg), lanthanum
(La), cerium (Ce), strontium (Sr), vanadium (V), and com-
binations thereof, Q may be selected from the group con-
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sisting of titanium (Ti), molybdenum (Mo), manganese
(Mn), and combinations thereof; I' may be selected from the
group consisting of chromium (Cr), vanadium (V), iron (Fe),
scandium (Sc), yttrium (Y), and combinations thereof; and
J may be selected from the group consisting of vanadium
(V), chromium (Cr), manganese (Mn), cobalt (Co), nickel
(Ni), copper (Cu), and combinations thereof. For example,
the lithium-containing metal oxide may be LiCoO,,
LiMn,O,, (wherein x=1 or 2), LiNi, _Mn O,  (wherein
0<x<1), Ni,_,_,Co,Mn O, (wherein 0=x=.0.5, and 0<y=<0.5),
or LiFePO,.

[0072] Insome embodiments, the compounds listed above
as cathode active materials may have a surface coating layer
(hereinafter, “coating layer”). In some embodiments, a mix-
ture or combination of a compound without a coating layer
and a compound having a coating layer, the compounds
being selected from the compounds listed above, may be
used. The coating layer may include at least one coating
element compound selected from the group consisting of an
oxide, a hydroxide, an oxyhydroxide, an oxycarbonate, and
a hydroxycarbonate of the coating element. The compounds
for the coating layer may be amorphous or crystalline. The
coating element for the coating layer may be magnesium
(Mg), aluminum (Al), cobalt (Co), potassium (K), sodium
(Na), calcium (Ca), silicon (Si), titanium (Ti), vanadium (V),
tin (Sn), germanium (Ge), gallium (Ga), boron (B), arsenic
(As), zirconium (Zr), or a mixture or combination thereof.
The coating layer may be formed using any method that does
not adversely affect the physical properties of the cathode
active material when a compound of the coating element is
used. For example, the coating layer may be formed using a
spray coating method, a dipping method, and/or the like.
This will be understood by those of ordinary skill in the art,
and thus a detailed description thereof is not provided.
[0073] The conducting agent, the binder, and the solvent
which may be used in the composition for forming a cathode
active material film may each be the same as those used in
the anode. The amounts of the cathode active material, the
conducting agent, the binder, and the solvent may be the
same as those generally used in the art for lithium secondary
batteries.

[0074] According to another aspect of the present disclo-
sure, a lithium secondary battery may be manufactured as
follows. After a cathode and an anode are manufactured as
described in the above embodiments, a separator to be
positioned between the cathode and the anode may be
prepared.

[0075] The separator may be any suitable separator avail-
able in the art for lithium secondary batteries. The separator
may have low resistance against migration of electrolyte
ions and have a good electrolyte-retaining ability. Non-
limiting examples of the separator may include glass fiber,
polyester, Teflon, polyethylene, polypropylene, polytetra-
fluoroethylene (PTFE), and a combination thereof, each of
which may be in the form of a non-woven or woven fabric.
For example, a rollable separator including polyethylene or
polypropylene may be used in a lithium ion battery. A
separator with a good organic electrolyte solution-retaining
ability may be used in a lithium ion polymer battery. For
example, the separator may be manufactured in the follow-
ing manner.

[0076] A polymer resin, a filler, and a solvent may be
mixed together to prepare a separator composition. The
separator composition may be directly coated on an elec-
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trode and then dried to form the separator. In some embodi-
ments, the separator composition may be cast on a support
and then dried to form a separator film. This separator film
may then be separated from the support and laminated on an
electrode to form the separator.

[0077] The polymer resin used to manufacture the sepa-
rator may be any material suitably used as a binder for
electrode plates. Non-limiting examples of the polymer resin
may include a vinylidenefluoride/hexafluoropropylene
copolymer, polyvinylidene fluoride (PVDF), polyacryloni-
trile, polymethylmethacrylate, and a mixture or combination
thereof.

[0078] Next, an electrolyte is prepared.

[0079] In some embodiments, the electrolyte may be an
organic electrolyte solution. In some embodiments, the
electrolyte may be in a solid phase (e.g., a solid phase
electrolyte). Non-limiting examples of the electrolyte may
include boron oxide and lithium oxynitride. Any suitable
material available as a solid electrolyte in the art may be
used. The solid electrolyte may be formed on the anode by,
for example, sputtering.

[0080] In some embodiments, the organic electrolyte solu-
tion may be prepared by dissolving a lithium salt in an
organic solvent.

[0081] The organic solvent may be any suitable organic
solvent available in the art.

[0082] For example, the organic solvent may be propylene
carbonate, ethylene carbonate, fluoroethylene carbonate,
butylene carbonate, dimethyl carbonate, diethyl carbonate,
methylethyl carbonate, methylpropyl carbonate, ethylpropyl
carbonate, methylisopropyl carbonate, dipropyl carbonate,
dibutyl carbonate, benzonitrile, acetonitrile, tetrahydro-
furan, 2-methyltetrahydrofuran, y-butyrolactone, 1,3-dioxo-
lane, 4-methyl-1,3-dioxolane, N,N-dimethyl formamide,
N,N-dimethyl acetamide, N,N-dimethylsulfoxide, 1,4-diox-
ane, 1,2-dimethoxyethane, sulfolane, dichloroethane, chlo-
robenzene, nitrobenzene, diethylene glycol, dimethyl ether,
or any mixture or combination thereof.

[0083] The lithium salt may be any lithium salt available
in the art. For example, the lithium salt may be LiPF,
LiBF,, LiSbF, LiAsF, LiClO,, LiCF,S0,, Li(CF;S0,),N,
Li(FSO,),N, LiC,F,SO,, LiAlO,, LiAICl,, LiN(C,F,,,
180,)(C,F,,,,80,) (wherein x and y may be natural num-
bers), LiCI, Lil, or a mixture or combination thereof.
[0084] Referring to FIG. 1, a lithium secondary battery 11
according to an embodiment of the present disclosure may
include a cathode 13, an anode 12, and a separator 14. The
cathode 13, the anode 12, and the separator 14 may be
wound or folded, and then sealed in a battery case 15. Then,
the battery case 15 may be filled with an organic electrolyte
solution and sealed with a cap assembly 16, thereby com-
pleting the manufacture of the lithium secondary battery 11.
The battery case 15 may have a cylindrical shape, a rectan-
gular shape, or a thin-film shape. For example, the lithium
secondary battery 11 may be a thin-film battery. The lithium
secondary battery 11 may be a lithium ion battery.

[0085] In some embodiments, the separator may be posi-
tioned between the positive electrode and the negative
electrode to form a battery assembly. In some embodiments,
the battery assembly may be stacked in a bi-cell structure
and impregnated with the organic electrolyte solution. In
some embodiments, the resultant assembly may be put into
a pouch and hermetically sealed, thereby completing the
manufacture of a lithium ion polymer battery.
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[0086] Insome embodiments, a plurality of battery assem-
blies may be stacked to form a battery pack, which may be
used in any device that requires high capacity and high
output, for example, in a laptop computer, a smartphone, or
an electric vehicle.

[0087] The lithium secondary battery may have improved
lifetime characteristics and high rate characteristics, and
thus may be used in an electric vehicle (EV), for example,
in a hybrid vehicle such as a plug-in hybrid electric vehicle
(PHEV). The lithium battery may be applicable to the
high-power storage field. For example, the lithium battery
may be used in an electric bicycle or a power tool.

[0088] One or more embodiments of the present disclosure
will now be described in more detail with reference to the
following examples. However, these examples are provided
only for illustrative purposes, and are not intended to limit
the scope of the one or more embodiments of the present
disclosure.

EXAMPLE 1

Preparation of Anode Active Material

[0089] An amorphous silicon oxide (SiO,) material
(wherein 0<X=2) having an average particle diameter of
about 5 pm and an amorphous silicon (Si) material having an
average particle diameter of about 5 pum were mixed to
prepare a composition for forming an anode active material
film. The amount of the amorphous silicon oxide material
was about 97 wt %, and the amount of the amorphous silicon
material was about 3 wt %.

[0090] The composition for forming an anode active mate-
rial film was thermally treated under a nitrogen atmosphere
at about 1300 ° C. for about 10 hours to obtain an anode
active material in which a crystalline large-particle diameter
active silicon material having a crystal size of about 24 nm
and a crystalline small-particle diameter active silicon mate-
rial having a crystal size of about 10 nm were dispersed in
a ratio of about 7:3 by weight in crystalline silicon oxide
(Si0,) (wherein 0<X=2).

EXAMPLE 2

Preparation of Anode Active Material

[0091] An anode active material was prepared in the same
manner as in Example 1, except that the thermal treatment
time was changed to about 7 hours. The crystalline large-
particle diameter active silicon material having a crystal size
of about 24 nm and the crystalline small-particle diameter
active silicon material having a crystal size of about 10 nm
were uniformly dispersed in a ratio of about 5:5 by weight
in the crystalline silicon oxide (SiO,) (wherein 0<X<2).

EXAMPLE 3

Preparation of Anode Active Material

[0092] An anode active material was prepared in the same
manner as in Example 1, except that the thermal treatment
time was changed to about 4 hours. The crystalline large-
particle diameter active silicon material having a crystal size
of about 24 nm and the crystalline small-particle diameter
active silicon material having a crystal size of about 10 nm
were uniformly dispersed in a ratio of about 3:7 by weight
in the crystalline silicon oxide (SiO,) (wherein 0<X=<2).
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EXAMPLE 4

Preparation of Anode Active Material

[0093] An anode active material was prepared by mixing
graphite and the anode active material of Example 1 in a
ratio of about 95:5 by weight.

EXAMPLE 5

Preparation of anode active material

[0094] An anode active material was prepared in the same
manner as in Example 4, except that the mixing ratio of
graphite to the anode active material was changed to about
90:10 by weight.

EXAMPLE 6

Preparation of Anode Active Material

[0095]  An anode active material was prepared in the same
manner as in Example 4, except that the mixing ratio of
graphite to the anode active material was changed to about
85:15 by weight.

EXAMPLE 7

Preparation of Anode Active Material

[0096] An anode active material was prepared in the same
manner as in Example 4, except that the mixing ratio of
graphite to the anode active material was changed to about
80:20 by weight.

EXAMPLE 8

Preparation of Anode Active Material

[0097] An anode active material was prepared in the same
manner as in Example 4, except that the mixing ratio of
graphite to the anode active material was changed to about
75:25 by weight.

EXAMPLE 9

Preparation of Anode Active Material

[0098] An anode active material was prepared in the same
manner as in Example 4, except that the mixing ratio of
graphite to the anode active material was changed to about
97:3 by weight.

EXAMPLE 10 to 13

Preparation of Anode Active Material

[0099] Anode active materials were prepared in the same
manner as in Example 1, except that the thermal treatment
of the composition for forming an anode active material film
was performed under a nitrogen atmosphere at 1100° C.,
about 1150° C., about 1200° C., and about 1250° C.,
respectively, for about 10 hours.

Comparative Example 1

Preparation of Anode Active Material

[0100] An anode active material was prepared by simply
blending an amorphous silicon oxide (SiO,) material
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(wherein 0<X<2) having an average particle diameter of
about 5 pm and a silicon (Si) material having an average
particle diameter of about 5 um.

Comparative Example 2

Preparation of anode active material

[0101] An anode active material was prepared by simply
blending the anode active material of Comparative Example
1 and graphite in a ratio of about 5:95 by weight.

Comparative Example 3

Preparation of Anode Active Material

[0102] An anode active material was prepared by blending
silicon having a crystal size of about 25 nm with an
amorphous silicon oxide (SiO,) material (wherein 0<X<2)
having an average particle diameter of about 5 pm.

Manufacture Example 1

Manufacture of Anode and Coin Cell

[0103] 10 g of the anode active material prepared in
Example 1, 1 g of a carbon conducting agent (Super-P,
Timcal Inc.), and 3 g of a binder (polyamide/imide, PAT)
were mixed together with 15 mL of N-methylpyrrolidone
(NMP) in a mortar to prepare a composition for forming an
anode active material film in slurry form. This slurry was
coated on a copper current collector to a thickness of about
100 m using a doctor blade, and dried at room temperature
(about 25° C.) for about 2 hours (1** drying). Subsequently,
the dried product was further dried in a vacuum at about
350° C. for about 1 hour (2" drying) to manufacture an
anode.

[0104] While a polypropylene separator (Celgard 3510)
was disposed between the anode and a lithium metal used as
a counter electrode, a solution of 1.3 M LiPF dissolved in
a mixture of ethylene carbonate (EC) and diethyl carbonate
(DEC) (in a ratio of about 3:7 by weight) was injected as an
electrolyte, thereby manufacturing a CR-2016 standard coin
cell.

Manufacture Examples 2 to 9

Manufacture of Anode and Coin Cell

[0105] Coin cells were manufactured in the same manner
as in Manufacture Example 1, except that the anode active
materials prepared in Examples 2 to 9 were used, respec-
tively, in place of the anode active material of Example 1.

Comparative Manufacture Examples 1 to 3

Manufacture of Anode and Coin Cell

[0106] Coin cells were manufactured in the same manner
as in Manufacture Example 1, except that the anode active
materials prepared in Comparative Examples 1 to 3 were
used, respectively, in place of the anode active material of
Example 1.
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Evaluation Example 1

Scanning Electron Microscopy (SEM)

[0107] The anode active materials prepared in Examples 1
to 3 were analyzed by scanning electron microscopy (SEM).
The SEM results of the anode active materials of Examples
1 to 3 are shown in FIGS. 2 to 4, respectively.

[0108] Referring to FIGS. 2 to 4, it was found that the
shorter the thermal treatment time of the composition for
forming an anode active material film, the less a relative
amount of the crystalline large-particle diameter active
silicon having a crystal size of about 24 nm became (e.g., the
smaller the proportion of crystalline large-particle diameter
active silicon having a crystal size of about 24 nm).

Evaluation Example 2

Charge-Discharge Characteristics (Discharge
Capacity)

1) Manufacture Examples 1 to 3 and Comparative
Manufacture Example 1

[0109] The coin cells manufactured in Manufacture
Examples 1 to 3 and Comparative Manufacture Example 1
were each charged with a constant current of about 100 mA
per 1 g of the anode active material to reach about 0.001 V
with respect to the Li electrode (e.g., Li*/Li), and then
charged with a constant voltage of 0.001 V until the current
was reduced to about 10 mA per 1 g of the active material.
Each fully charged coin cell was subjected to a rest period
for about 10 minutes, and then charged with a constant
current of about 100 mA per 1 g of the active material until
the voltage reached about 1.5 V. The resulting charge-
discharge characteristics are shown in FIG. 5. In FIG. 5,
C.R.R. stands for capacity retention rate (lifetime charac-
teristics).

[0110] Referring to FIG. 5, the coin cells manufactured in
Manufacture Examples 1 to 3 were found to have improved
lifetime characteristics, as compared to the coin cell of
Comparative Manufacture Example 1. The coin cell of
Manufacture Example 1 was found to have the best lifetime
characteristics among the other coin cells.

2) Manufacture Examples 4 to 8 and Comparative
Manufacture Example 2

[0111] Lifetime characteristics of the coin cells manufac-
tured in Manufacture Examples 4 to 8 and Comparative
Manufacture Example 2 were evaluated in the same manner
as that applied to the coin cells of Manufacture Examples 1
to 3 and Comparative Manufacture Example 1. The lifetime
characteristic evaluation results are shown in FIG. 6.
[0112] Referring to FIG. 6, the coin cells manufactured in
Manufacture Examples 4 to 8 were found to have improved
lifetime characteristics, compared with the coin cell of
Comparative Manufacture Example 2. The coin cell of
Manufacture Example 7 was found to have the best lifetime
characteristics among the other coin cells.

3) Manufacture Examples 4 and 9 and Comparative
Manufacture Example 3

[0113] Lifetime characteristics of the coin cells manufac-
tured in Manufacture Examples 4 and 9 and Comparative
Manufacture Example 3 were evaluated in the same manner
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as that applied to the coin cells of Manufacture Examples 1
to 3 and Comparative Manufacture Example 1. The lifetime
characteristic evaluation results are shown in FIGS. 13 and
14.

[0114] FIG. 13 is a graph of voltage with respect to
capacity in the coin cells of Manufacture Examples 4 and 9
and Comparative Manufacture Example 3. FIG. 4 is a graph
illustrating lifetime characteristics in the coin cells of Manu-
facture Examples 4 and 9 and Comparative Manufacture
Example 3. In FIG. 14, C.R.R. stands for capacity retention
rate (lifetime characteristics).

[0115] Referring to FIG. 13, the coin cells manufactured in
Manufacture Examples 4 and 9 and the coin cell of Com-
parative Manufacture Example 3 were found to have similar
initial characteristics.

[0116] Referring to FIG. 14, the coin cells manufactured in
Manufacture Examples 4 and 9 were found to have
improved lifetime characteristics, as compared to the coin
cell of Comparative Manufacture Example 3.

Evaluation Example 4

Transmission Electron Microscopy (TEM)

[0117] The anode active materials of Example 1 and
Examples 10 to 13 were analyzed by transmission electron
microscopy (TEM). The results are shown in FIGS. 7A, 7B,
8A, 8B, 9A, 9B, 10A, 10B, 11A, and 11B, and Table 1. In
particular, FIGS. 7A and 7B are TEM images of the anode
active material of Example 1, FIGS. 8A and 8B are TEM
images of the anode active material of Example 10, FIGS.
9A and 9B are TEM images of the anode active material of
Example 12, FIGS. 10A and 10B are TEM images of the
anode active materials of Example 13, FIGS. 11A and 11B
are TEM images of the composition for forming an anode
active material film before the thermal treatment in prepar-
ing the anode active material of Example 1.

[0118] Average sizes of'silicon crystals of the anode active
materials of Example 1 and Examples 10 to 13 were
measured by TEM. The results are shown in Table 1.

TABLE 1

Thermal treatment Average size of silicon

Example temperature (° C.) crystals [nm]
Example 1 1300 17.5
Example 10 1100 4.5
Example 11 1150 6.5
Example 12 1200 8.5
Example 13 1250 12.5

[0119] Referring to Table 1 and FIGS. 7A, 7B, 8A, 8B,
9A, 9B, 10A, 10B, 11A, and 11B, it was found that as the
thermal treatment temperature of the composition for form-
ing an anode active material film was increased to a tem-
perature of about 1100° C. to about 1300° C., the average
size of the silicon crystals in the anode active material
gradually increased.

Evaluation Example 5

X-Ray Diffraction (XRD) Analysis

[0120] The anode active materials of Example 1 and
Examples 10 to 13 were analyzed by X-ray diffraction
analysis using a Philips X'Pert X-Ray Diffractometer with
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CuK-a. radiation (1.541 A). The results are shown in FIGS.
12A to 12F. In particular, FIGS. 12A to 12E illustrate the
X-ray diffraction analysis results of the anode active mate-
rials of Example 1 and Examples 10 to 13, respectively. FIG.
12F illustrates the X-ray diffraction analysis results of the
composition for forming an anode active material film
before the thermal treatment to prepare the anode active
material of Example 1.

[0121] Referring to FIGS. 12A to 12F, it was found that as
the temperature of the thermal treatment of the composition
for forming an anode active material film in an amorphous
SiO,state was increased to a temperature of about 1100° C.
to 1250° C. (Examples 10 to 13), the full width at half
maximum (FWHM) of a peak at 20 of about 28.5° was
gradually reduced, indicating an increase in the crystal size
of the anode active materials. As a result of measuring the
sizes of silicon crystals after the thermal treatment of the
composition for forming an anode active material film at
about 1100° C. to 1300° C. to prepare the anode active
materials, it was found that the average size of silicon
crystals in the anode active material gradually increased as
the thermal treatment temperature was increased.

Evaluation Example 6

Particle Size Analysis

[0122] Particle sizes of the anode active material of
Example 1 were analyzed using a laser diffraction particle
size analyzer. Particle diameters at the 10th, 50th, and 90th
percentile volumes in the cumulative particle size distribu-
tion of the anode active material of Example 1 were repre-
sented as D10, D50, and D90, respectively. The results are
shown in Table 2.

TABLE 2

Particle size distribution Particle diameter (um)

D10 33

D50 6.32
D90 10.45
D100 21.87

[0123] As described above, according to the one or more
embodiments, an anode active material may provide
improved initial efficiency and increased capacity through
reaction with lithium as charging and discharging is
repeated. A lithium secondary battery having improved
lifetime characteristics may be obtained using the anode
active material.

[0124] Tt should be understood that embodiments
described herein should be considered in a descriptive sense
only and not for purposes of limitation. Descriptions of
features or aspects within each embodiment should typically
be considered as available for other similar features or
aspects in other embodiments.

[0125] As used herein, the terms “use”, “using”, and
“used” may be considered synonymous with the terms
“utilize”, “utilizing”, and “utilized”, respectively. Further,
the use of “may” when describing embodiments of the
present disclosure refers to “one or more embodiments of
the present disclosure”.

[0126] As used herein, the terms “substantially”, “about”,
and similar terms are used as terms of approximation and not
as terms of degree, and are intended to account for the
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inherent deviations in measured or calculated values that
would be recognized by those of ordinary skill in the art.

[0127] Also, any numerical range recited herein is
intended to include all sub-ranges of the same numerical
precision subsumed within the recited range. For example, a
range of “1.0 to 10.0” is intended to include all subranges
between (and including) the recited minimum value of 1.0
and the recited maximum value of 10.0, that is, having a
minimum value equal to or greater than 1.0 and a maximum
value equal to or less than 10.0, such as, for example, 2.4 to
7.6. Any maximum numerical limitation recited herein is
intended to include all lower numerical limitations sub-
sumed therein and any minimum numerical limitation
recited in this specification is intended to include all higher
numerical limitations subsumed therein. Accordingly, Appli-
cant reserves the right to amend this specification, including
the claims, to expressly recite any sub-range subsumed
within the ranges expressly recited herein.

[0128] While one or more embodiments have been
described with reference to the figures, it will be understood
by those of ordinary skill in the art that various changes in
form and details may be made therein without departing
from the spirit and scope of the inventive concept as defined
by the following claims and equivalents thereof.

What is claimed is:

1. An anode active material for a lithium secondary
battery, comprising a first composite comprising at least two
active silicon materials having different crystal sizes and a
silicon oxide (SiO,) material (Wherein 0<x=2).

2. The anode active material of claim 1, wherein the first
composite comprises a large-particle diameter active silicon
material and a small-particle diameter active silicon mate-
rial.

3. The anode active material of claim 2, wherein the
large-particle diameter active silicon material has a crystal
size of about 24 nm to about 40 nm, and the small-particle
diameter active silicon material has a crystal size of about 8
nm to about 12 nm.

4. The anode active material of claim 2, wherein an
amount of the small-particle diameter active silicon material
is about 20 wt % to about 80 wt % based on a total weight
of the large-particle diameter active silicon material and the
small-particle diameter active silicon material.

5. An anode active material for a lithium secondary
battery, comprising:

a second composite comprising an active silicon material
having a crystal size of about 24 nm or greater and a
silicon oxide (SiO,) material (wherein 0<x=2); and

a carbonaceous material.

6. The anode active material of claim 5, wherein an
amount of the second composite is about 3 wt % to about 25
wt %.

7. The anode active material of claim 5, wherein the
carbonaceous material is at least one selected from graphite,
carbon black, graphite, carbon nanotubes, carbon nanofi-
bers, graphene, pitch, and vacuum-grown carbon fibers.

8. An anode active material for a lithium secondary
battery, comprising:

i) a first composite comprising at least two active silicon

materials having different crystal sizes and a silicon
oxide (SiO,) material (wherein 0<x=2); and
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ii) a second composite comprising an active silicon mate-
rial having a crystal size of about 24 nm or greater and
a silicon oxide (SiO,)) material (wherein 0<x=<2); and a
carbonaceous material.

9. The anode active material of claim 8, wherein an
amount of the first composite is about 30 wt % to about 50
wt %.

10. The anode active material of claim 8, wherein the at
least two active silicon materials having different crystal
sizes comprises a large-particle diameter active silicon mate-
rial and small-particle diameter active silicon material, the
large-particle diameter active silicon material having a crys-
tal size of about 24 nm to about 40 nm, and the small-particle
diameter active silicon material having a crystal size of
about 8 nm to about 12 nm.

11. The anode active material of claim 8, wherein, in the
second composite and the carbonaceous material, an amount
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of the second composite is about 3 wt % to about 25 wt %
based on a total amount of the second composite and the
carbonaceous material.

12. A lithium secondary battery comprising:

a cathode comprising a cathode active material;

an anode comprising an anode active material; and

an electrolyte between the cathode and the anode,

wherein the anode active material comprises:

a first composite comprising at least two active silicon
materials having different crystal sizes and a silicon
oxide (SiO,) material (wherein 0<x<2);

a second composite comprising an active silicon material
having a crystal size of about 24 nm or greater and a
silicon oxide (SiO,) material (wherein 0<x=2); and a
carbonaceous material; or

a combination of the first composite and the second
composite with the carbonaceous material.

* * #* #* #*
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