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(57) ABSTRACT

The present invention relates to an active material for a
lithium secondary battery, which includes a secondary par-
ticle formed by agglomeration of primary particles which
include a lithium titanium composite oxide represented by
Formula 1 or Formula 2, wherein a pore volume is in a range
0f 0.001 cm*/g to 0.05 cm>/g, and a method of preparing the
same, wherein the active material for a lithium secondary
battery according to the present invention may maintain an
adequate pore volume even during rolling, because strength
of the secondary particle is improved by controlling a
particle diameter of the primary particle by introducing a
metallic element.
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NEGATIVE ELECTRODE ACTIVE
MATERIAL, AND NEGATIVE ELECTRODE
AND LITHIUM SECONDARY BATTERY
WHICH INCLUDE THE SAME

TECHNICAL FIELD

Cross-Reference to Related Applications

[0001] This application claims the benefit of Korean Pat-
ent Application Nos. 10-2016-0015029, filed on Feb. 5,
2016, and 10-2017-0015471, filed on Feb. 3, 2017, in the
Korean Intellectual Property Office, the disclosure of which
is incorporated herein in its entirety by reference.

Technical Field

[0002] The present invention relates to a negative elec-
trode active material which may achieve output improve-
ment and high capacity, and a negative electrode and a
lithium secondary battery which include the same.

BACKGROUND ART

[0003] Demand for secondary batteries as an energy
source has been significantly increased as technology devel-
opment and demand with respect to mobile devices have
increased, and, among these secondary batteries, lithium
secondary batteries having high energy density, high oper-
ating potential, long cycle life, and low self-discharging rate
have been commercialized and widely used.

[0004] Also, recently, in line with growing concerns about
environmental issues, a significant amount of research into
electric vehicles (EVs) and hybrid electric vehicles (HEVs),
which may replace vehicles using fossil fuels, such as
gasoline vehicle and diesel vehicle, one of major causes of
air pollution, has been conducted.

[0005] Nickel-metal hydride (Ni-MH) secondary batteries
or lithium secondary batteries having high energy density,
high discharge voltage, and high output stability have been
used as power sources of the electric vehicles (EVs) and
hybrid electric vehicles (HEVs), wherein, since the lithium
secondary batteries must be used for 10 years or more under
harsh conditions, in addition to high energy density and
characteristics capable of exhibiting high output in a short
period of time, when the lithium secondary batteries are used
in the electric vehicles, significantly better stability and
long-life characteristics than those of a conventional small
lithium secondary battery are inevitably required. Further-
more, excellent rate capability and power characteristics are
required for the secondary batteries used in the electric
vehicles (EVs) and hybrid electric vehicles (HEVs) depend-
ing on the operating conditions of the vehicles.

[0006] A lithium titanium composite oxide having high
lithium (i) intercalation and deintercalation potential has
recently received attention as an active material of a lithium
secondary battery. The lithium titanium composite oxide is
advantageous in that fast charge or low-temperature perfor-
mance is excellent because, in principle, metallic lithium is
not precipitated from the lithium titanium composite oxide
at the lithium intercalation and deintercalation potential.
[0007] Since the lithium titanium composite oxide has
been conventionally used as a positive electrode active
material and may also be used as a negative electrode active
material, its future as the positive electrode and negative
electrode active materials is expected and, particularly, since
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expansion and shrinkage during charge and discharge may
be ignored, the lithium titanium composite oxide is an
electrode material that attracts attention when the size of the
battery is increased. In particular, spinel-type lithium titan-
ate (composition formula Li,, Ti;O,, (0O=x=<3)) has attracted
attention because it has a small change in volume during
charge and discharge and excellent reversibility.

[0008] The lithium titanium composite oxide is a second-
ary particle formed by the agglomeration of primary par-
ticles, wherein the secondary particle includes pores. How-
ever, in a process of coating an electrode with the lithium
titanium composite oxide to prepare an active material layer
and then rolling the coated electrode, since the pores disap-
pear while the secondary particle collapses, there is a
limitation in that charge rate capability is reduced because
lithium diffusion is difficult in the active material layer.
[0009] Thus, as a result of efforts to develop a technique
for addressing the limitation, the present inventors develop
a method in which a particle diameter of the primary particle
of the lithium titanium composite oxide is controlled by
introducing a specific metal into the lithium titanium com-
posite oxide and the strength of the secondary particle is
secured therethrough, thereby leading to the completion of
the present invention.

DISCLOSURE OF THE INVENTION

Technical Problem

[0010] An aspect of the present invention provides a
negative electrode active material for a lithium secondary
battery, in which an adequate pore volume may be main-
tained even during rolling, because the strength as well as
the pore volume of a secondary particle may be secured by
reducing a particle diameter of a primary particle by intro-
ducing a metallic element.

[0011] Another aspect of the present invention provides a
negative electrode for a lithium secondary battery and a
lithium secondary battery which include the active material.
[0012] Another aspect of the present invention provides a
method of preparing the negative electrode active material
for a lithium secondary battery.

Technical Solution

[0013] According to an aspect of the present invention,
there is provided a negative electrode active material for a
lithium secondary battery including:

[0014] a secondary particle formed by agglomeration of
primary particles which include a lithium titanium compos-
ite oxide represented by Formula 1 or Formula 2, wherein
the secondary particle has a pore volume of 0.001 cm’/g to
0.05 cm®/g;

Ligg M, TisO;5 [Formula 1]
LiyTigs.pM, 01 [Formula 2]
[0015] wherein, in Formula 1 or Formula 2,
[0016] 0<x=<0.5, and
[0017] M is sodium (Na), potassium (K), rubidium (Rb),

zirconium (Zr), tungsten (W), magnesium (Mg), molybde-
num (Mo), or tantalum (Ta).

[0018] According to another aspect of the present inven-
tion, there are provided a negative electrode for a lithium
secondary battery including the negative electrode active
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material for a lithium secondary battery, and a lithium
secondary battery including the negative electrode.

[0019] According to another aspect of the present inven-
tion, there is provided a method of preparing a negative
electrode active material for a lithium secondary battery
including steps of:

[0020] (1) forming primary particles which includes pro-
cesses of: (1) solid mixing a lithium-containing compound,
a titanium oxide, and a doping metal-containing compound;
(i1) dispersing the solid mixture of process (i) in a solvent to
prepare a slurry; and (iii) spray drying the slurry prepared in
process (ii), wherein step (1) does not include a separate
grinding process of the solid mixture and the slurry; and
[0021] (2) forming a secondary particle by sintering the
primary particles formed in step (1),

[0022] wherein the doping metal includes at least one
selected from the group consisting of sodium (Na), potas-
sium (K), rubidium (Rb), zirconium (Zr), tungsten (W),
magnesium (Mg), molybdenum (Mo), and tantalum (Ta),
and the secondary particle has a pore volume of 0.001 cm®/g
to 0.05 cm’/g.

Advantageous Effects

[0023] A negative electrode active material for a lithium
secondary battery according to the present invention may
maintain an adequate pore volume even during rolling,
because strength as well as the pore volume of a secondary
particle may be secured by reducing a particle diameter of a
primary particle by introducing a metallic element. Also, a
method of preparing the negative electrode active material
for a lithium secondary battery according to the present
invention is suitable for the preparation of a negative elec-
trode active material for a lithium secondary battery, because
the particle diameter of the primary particle may be con-
trolled by adjusting an amount of the metallic element
introduced, and through this, the strength of the secondary
particle may be improved and the pore volume during the
rolling may be maintained.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] The following drawings attached to the specifica-
tion illustrate preferred examples of the present invention by
example, and serve to enable technical concepts of the
present invention to be further understood together with
detailed description of the invention given below, and there-
fore the present invention should not be interpreted only
with matters in such drawings.

[0025] FIG. 1 is scanning electron microscope (SEM)
images of negative electrodes for a lithium secondary bat-
tery respectively prepared in Examples 4 and 5;

[0026] FIG. 2 is SEM images of negative electrodes for a
lithium secondary battery respectively prepared in Com-
parative Examples 3 and 4;

[0027] FIG. 3 is the result of measuring a particle size
distribution (PSD) of each of lithium titanium composite
oxides prepared in Example 1 and Comparative Example 1;
[0028] FIG. 4 is a graph illustrating impedances of sec-
ondary batteries in which, after the secondary batteries
respectively prepared in Examples 6 and 7 are charged and
discharged twice, resistance per frequency is measured by
using electrochemical impedance spectroscopy (EIS) and its
tendency is then converted into a semi-circle;
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[0029] FIG. 5 is a graph illustrating impedances of sec-
ondary batteries in which, after the secondary batteries
respectively prepared in Comparative Examples 5 and 6 are
charged and discharged twice, resistance per frequency is
measured by using electrochemical impedance spectroscopy
(EIS) and its tendency is then converted into a semi-circle;
and

[0030] FIG. 6 is a graph illustrating the result of measuring
voltage drops when, after secondary batteries respectively
prepared in Example 6 and Comparative Example 5 are
charged and discharged twice, the secondary batteries are
discharged at 10 C for 3 minutes from a fully charged state.

MODE FOR CARRYING OUT THE INVENTION

[0031] Hereinafter, the present invention will be described
in more detail to allow for a clearer understanding of the
present invention.

[0032] It will be understood that words or terms used in
the specification and claims shall not be interpreted as the
meaning defined in commonly used dictionaries. It will be
further understood that the words or terms should be inter-
preted as having a meaning that is consistent with their
meaning in the context of the relevant art and the technical
idea of the invention, based on the principle that an inventor
may properly define the meaning of the words or terms to
best explain the invention.

[0033] A negative electrode active material for a lithium
secondary battery according to the present invention
includes a secondary particle formed by agglomeration of
primary particles which include a lithium titanium compos-
ite oxide represented by Formula 1 or Formula 2, wherein
the secondary particle has a pore volume of 0.001 cm’/g to
0.05 cm®/g.

Ligg M, TisO;5 [Formula 1]
LiyTigs.pM, 01 [Formula 2]
[0034] In Formula 1 or Formula 2,
[0035] 0<x=<0.5, and
[0036] M is sodium (Na), potassium (K), rubidium (Rb),

zirconium (Zr), tungsten (W), magnesium (Mg), molybde-
num (Mo), or tantalum (Ta), and may specifically be K, Rb,
Mg, or Ta.

[0037] The primary particles may have an average particle
diameter (Ds,) of 0.05 um to 2 pum, particularly 0.07 pm to
1 um, and more particularly 0.1 pm to 0.7 pm.

[0038] In a case in which the average particle diameter
(Ds,) of the primary particles is 0.05 pm or more, pores
formed in the secondary particle in a process of forming the
secondary particle by the agglomeration of the primary
particles may have an appropriate size, and, in a case in
which the average particle diameter (Ds,) of the primary
particles is 2 pm or less, since the secondary particle may
have appropriate strength while the pores formed in the
secondary particle have an appropriate size, the secondary
particle may maintain an adequate pore volume by main-
taining particle shape even during rolling.

[0039] The control of the average particle diameter (D)
of the primary particles may be achieved by adjusting an
amount of doping metal included in the lithium titanium
composite oxide in the preparation process of the primary
particles, that is, metal represented by M. Specifically, in the
lithium titanium composite oxide represented by Formula 1
or Formula 2, since the average particle diameter (Ds,) of
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the primary particles is decreased by 0.5% to 2%, for
example, 0.7% to 2% when the amount of the M, i.e., an x
value is increased by 0.01, the average particle diameter
(Ds,) of the primary particles may be controlled by adjusting
the amount of the doping metal according to the appropriate
average particle diameter (D) of the primary particles. In
Formula 1 or Formula 2, x may satisfy 0<x=0.5, particularly
0<x<0.3, and more particularly 0.002<x<0.05.

[0040] Since the primary particles prepared by the above
method are not subjected to a grinding process as a method
typically used for the preparation of particles having an
appropriate average particle diameter, limitations, in which
the strength of the primary particles is decreased due to
damage of the primary particles in the grinding process or
particle diameters become non-uniform, may be prevented.
Thus, in the active material for a lithium secondary battery
according to the present invention, since the diameter of the
primary particle is controlled according to the amount of the
doping metal of the lithium titanium composite oxide
included in the primary particle without the separate grind-
ing process for adjusting the particle diameter of the primary
particle, the primary particles may have a uniform particle
diameter.

[0041] An average particle diameter (Do) may be 105%
to 140% of the average particle diameter (Ds,) while an
average particle diameter (D,,) of the primary particles is
60% to 95% of the average particle diameter (D), particu-
larly, the average particle diameter (D) may be 105% to
135% of the average particle diameter (D,,) while the
average particle diameter (D,,) of the primary particles is
65% to 95% of the average particle diameter (Ds,), and
more particularly, the average particle diameter (D) may
be 110% to 130% of the average particle diameter (D)
while the average particle diameter (D,,) of the primary
particles is 70% to 90% of the average particle diameter
(Ds0)-

[0042] In a case in which the average particle diameter
(Dgg) is 105% to 140% of the average particle diameter
(Dsp) while the average particle diameter (D,,) of the
primary particles is 60% to 95% of the average particle
diameter (D), since the diameters of the primary particles
are uniform throughout, contacts between the primary par-
ticles are uniform when the primary particles are agglom-
erated to form the secondary particle. Thus, the strength of
the secondary particle may be increased and the secondary
particle may have an adequate pore volume.

[0043] In the present specification, the expression “grind-
ing” denotes a process of applying a physical force to reduce
a size of a particle or solid having a particle shape to allow
it to have a desired particle size, and, for example, is a
concept including grinding, cutting, breaking, and polishing.
[0044] The secondary particle may have a pore volume of
0.001 cm®/g to 0.05 cm>/g, for example, 0.005 cm®/g to 0.02
cm’/g.

[0045] The secondary particle may have a specific surface
are of 1 m%/g to 10 m*/g, particularly 3 m*/g to 7 m*/g, and
more particularly 4 m*/g to 6 m*/g.

[0046] The secondary particle may have an average par-
ticle diameter (Ds,) of 1 um to 30 pm, particularly 1 um to
25 pm, and more particularly 2 pm to 15 pm.

[0047] In a case in which the average particle diameter of
the secondary particle is 1 um or more, adequate capacity
per volume may be obtained by preventing a decrease in
density of an electrode, and, in a case in which the average
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particle diameter of the secondary particle is 25 pum or less,
a slurry for forming the electrode may be properly coated to
a uniform thickness.

[0048] In the present invention, the average particle diam-
eter (D,,) may be defined as a particle diameter at 10% in
a cumulative particle diameter distribution, the average
particle diameter (D5,) may be defined as a particle diameter
at 50% in the cumulative particle diameter distribution, and
the average particle diameter (Dy,) may be defined as a
particle diameter at 90% in the cumulative particle diameter
distribution. The average particle diameter is not particularly
limited, but, for example, the average particle diameter may
be measured by using a laser diffraction method or a
scanning electron microscope (SEM) image. The laser dif-
fraction method may generally measure a particle diameter
ranging from a submicron level to a few mm, and may obtain
highly repeatable and high resolution results.

[0049] When a pressure of 2,000 kgf/cm? is applied to the
secondary particle, the secondary particle may have a pore
volume of 70 vol % to 99 vol %, for example, 75 vol % to
90 vol %, based on 100 vol % of the pore volume before
applying the pressure.

[0050] As described above, even if a predetermined pres-
sure, i.e., a pressure of 2,000 kgflcm®, is applied to the
negative electrode active material for a lithium secondary
battery according to the present invention, the volume of the
pores included in the secondary particle may not be signifi-
cantly reduced by the pressure. With respect to the negative
electrode active material for a lithium secondary battery
according to an exemplary embodiment of the present
invention, in a case in which the diameters of the primary
particles are uniform throughout and the primary particles
are agglomerated to form the secondary particle, since the
contacts between the primary particles may be uniform to
increase the strength of the secondary particle, the secondary
particle may maintain a pore volume of 70 vol % to 99 vol
% when the pore volume before applying the pressure is set
to 100 vol % even if the pressure of 2,000 kgf/cm? is applied
to the secondary particle.

[0051] Thus, in a case in which a layer having a thickness
of 10 um to 100 pm is formed by using the secondary
particle and a pressure of 2,000 kgf/cm? is applied to the
layer, since the secondary particle may maintain a pore
volume of 70 vol % to 99 vol % based on the pore volume
of 0.001 cm?/g to 0.05 cm®/g before applying the pressure,
an increase in lithium diffusion resistance may be sup-
pressed and excellent rate capability may be achieved.

[0052] In the lithium titanium composite oxide repre-
sented by Formula 1, M may specifically be K, Rb, Mg, or
Ta.

[0053] The negative electrode active material for a lithium
secondary battery may be prepared by a method of preparing
a negative electrode active material for a lithium secondary
battery which includes the steps of: (1) solid mixing a
lithium-containing compound, a titanium oxide, and a dop-
ing metal-containing compound; (2) dispersing the solid
mixture of step (1) in a solvent to prepare a slurry; (3) spray
drying the slurry prepared in step (2) to prepare a secondary
particle formed by agglomeration of primary particles; and
(4) sintering the secondary particle formed by the agglom-
eration of the primary particles, wherein the method does not
include a separate grinding process of the solid mixture and
the slurry.
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[0054] In this case, the doping metal may be at least one
selected from the group consisting of Na, K, Rb, Zr, W, Mg,
[0055] Mo, and Ta, and may specifically be at least one
selected from the group consisting of K, Rb, Mg, or Ta.
[0056] The secondary particle has a pore volume of 0.001
cm’/g to 0.05 cm’/g.

[0057] Instep (1), a lithium-containing compound, a tita-
nium oxide, and a doping metal-containing compound are
preferentially solid-mixed.

[0058] The lithium-containing compound, titanium oxide,
and doping metal-containing compound may be solid-mixed
according to a stoichiometric ratio for preparing the lithium
titanium composite oxide represented by Formula 1 or
Formula 2, and may specifically be mixed in amounts such
that a molar ratio of lithium, titanium, and doping metal is
in a range of 3.7:4.7:greater than 0 to 4:5:0.5.

[0059] The lithium-containing compound may be at least
one selected from the group consisting of lithium carbonate,
lithium hydroxide, and lithium oxide, and the doping metal-
containing compound may be at least one selected from the
group consisting of carbonate, hydroxide, and oxide of the
doping metal.

[0060] In the preparation method according to an exem-
plary embodiment of the present invention, the solid mixing
of step (1) may further include a process of adjusting an
amount of the doping metal-containing compound according
to a desired particle diameter of the primary particles before
the solid mixing.

[0061] Since the particle diameter of the primary particles
formed is reduced as the amount of the doping metal-
containing compound is increased, the amount of the doping
metal-containing compound may be appropriately adjusted
to obtain the desired particle diameter of the primary par-
ticles.

[0062] Specifically, since the average particle diameter
(Ds,) of the primary particles formed is reduced by 0.5% to
2%, for example, 0.7% to 2% when the molar ratio of the
doping metal-containing compound among the lithium-con-
taining compound, titanium oxide, and doping metal-con-
taining compound is increased by 0.01, the amount of the
doping metal-containing compound may be appropriately
adjusted according to the desired particle diameter of the
primary particles based on a diameter of primary particles
after preparing the primary particles of the lithium titanium
composite oxide which does not include the doping metal.
[0063] In step (2), the solid mixture obtained in step (1) is
dispersed in a solvent to prepare a slurry. The solvent, for
example, may be water or an organic solvent, and stirring
may be performed in the dispersion process, if necessary.
[0064] The slurry obtained in step (2) is spray-dried in step
(3) to prepare a secondary particle formed by agglomeration
(binding) of the primary particles.

[0065] The spraying in step (3) may be performed through
a conventional spray device, and, for example, the conven-
tional spray device may include a rotary atomizer, a pressure
nozzle, a pneumatic nozzle, and a sonic nozzle, but the
present invention is not limited thereto.

[0066] The spray drying may be performed in a tempera-
ture range of 100° C. to 300° C., and the spraying and drying
may be performed through a process of drying by separately
heating after spraying, and may be performed through a
single process in which the spraying and drying are per-
formed together because the spraying is performed in a
temperature range of 100° C. to 300° C.
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[0067] The method of preparing a negative electrode
active material for a lithium secondary battery according to
the present invention does not include a separate grinding
process of the solid mixture and the slurry in the primary
particle formation step.

[0068] That is, the method of preparing a negative elec-
trode active material for a lithium secondary battery accord-
ing to the present invention may prepare the primary par-
ticles having a diameter in a desired particle diameter range
through a process of adjusting the amount of the doping
metal-containing compound without a process of applying a
physical force, such as grinding for obtaining the primary
particles having a diameter in an appropriate range, and,
since the primary particles are not subjected to the process
of applying a physical force such as grinding, a decrease in
the strength due to the damage of the primary particles or the
formation of the primary particles having non-uniform par-
ticle diameters may be prevented.

[0069] The primary particles formed through the above
process may include a lithium titanium composite oxide
represented by Formula 1 or Formula 2.

Ligg M, TisO;5 [Formula 1]
LiyTigs.pM, 01 [Formula 2]
[0070] In Formula 1 or Formula 2,
[0071] 0<x<0.5, and
[0072] M is Na, K, Rb, Zr, W, Mg, Mo, or Ta, and may

specifically be K, Rb, Mg, or Ta.

[0073] In Formula 1, since an average particle diameter
(Ds,) of the primary particles is decreased by 0.5% to 2%,
for example, 0.7% to 2% when an x value is increased by
0.01, the diameter of the primary particles may be controlled
by adjusting the amount of the doping metal according to the
appropriate average particle diameter (Ds,) of the primary
particles.

[0074] The primary particles thus prepared may have an
average particle diameter (Ds,) of 0.05 um to 2 um, par-
ticularly 0.07 um to 1 pm, and more particularly 0.1 um to
0.7 pm.

[0075] In a case in which the average particle diameter
(Dsp) of the primary particles is 0.05 pm or more, pores
formed in the secondary particle in a process of forming the
secondary particle by the agglomeration of the primary
particles may have an appropriate size, and, in a case in
which the average particle diameter (Ds,) of the primary
particles is 2 pm or less, since the secondary particle may
have appropriate strength while the pores formed in the
secondary particle have an appropriate size, the secondary
particle may maintain an adequate pore volume by main-
taining particle shape even during rolling.

[0076] Since the diameter of the primary particle is con-
trolled according to the amount of the doping metal of the
lithium titanium composite oxide included in the primary
particle without the grinding process, the primary particles
may have a uniform particle diameter. An average particle
diameter (D) may be 105% to 140% of the average particle
diameter (Ds,) while an average particle diameter (D) of
the primary particles is 60% to 95% of the average particle
diameter (Ds,), particularly, the average particle diameter
(Dg) may be 105% to 135% of the average particle diameter
(Dsp) while the average particle diameter (D;,) of the
primary particles is 65% to 95% of the average particle
diameter (Ds,), and more particularly, the average particle
diameter
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[0077] (Dy,) may be 110% to 130% of the average particle
diameter (Ds,) while the average particle diameter (D) of
the primary particles is 70% to 90% of the average particle
diameter (D)

[0078] In a case in which the average particle diameter
(Dgg) 1s 105% to 135% of the average particle diameter
(Dso,) while the average particle diameter (D,,) of the
primary particles is 65% to 95% of the average particle
diameter (D), since the diameters of the primary particles
are uniform throughout, contacts between the primary par-
ticles are uniform when the primary particles are agglom-
erated to form the secondary particle. Thus, the strength of
the secondary particle may be increased and the secondary
particle may have an adequate pore volume.

[0079] In step (4), the primary particles formed in step (3)
are sintered to form a secondary particle.

[0080] The sintering may be performed by heating the
primary particles formed in step (3) at a temperature of 700°
C. to 900° C., for example, 700° C. to 800° C., for 30
minutes to 20 hours, for example, 5 hours to 10 hours. The
sintering may be performed in an air atmosphere or an inert
atmosphere such as nitrogen and argon.

[0081] The secondary particle formed may have a pore
volume of 0.001 ecm®/g to 0.05 cm®/g, for example, 0.005
cm’/g to 0.02 cm’/g.

[0082] The secondary particle may have an average par-
ticle diameter (Ds,) of 1 um to 30 pm, particularly 2 um to
25 pm, and more particularly 5 pm to 20 pm.

[0083] In a case in which the average particle diameter of
the secondary particle is 1 um or more, adequate capacity
per volume may be obtained by preventing a decrease in
density of an electrode, and, in a case in which the average
particle diameter of the secondary particle is 30 pm or less,
a slurry for forming the electrode may be properly coated to
a uniform thickness.

[0084] When a pressure of 2,000 kgf/cm? is applied to the
secondary particle, the secondary particle may have a pore
volume of 70 vol % to 99 vol %, for example, 75 vol % to
90 vol %, based on 100 vol % of the pore volume before
applying the pressure.

[0085] Also, in a case in which a layer having a thickness
of 10 um to 100 pum is formed by using the secondary
particle and a pressure of 2,000 kgf/cm? is applied to the
layer, since the secondary particle may maintain a pore
volume of 70 vol % to 99 vol % based on the pore volume
of 0.001 cm®/g to 0.05 cm>/g before applying the pressure,
an increase in lithium diffusion resistance may be sup-
pressed and excellent rate capability may be achieved.

[0086] The method of preparing a negative electrode
active material for a lithium secondary battery may be
achieved by applying a method of preparing a lithium
titanium composite oxide known in the art except that the
method of preparing a negative electrode active material for
a lithium secondary battery includes the process of adjusting
the amount of the doping metal-containing compound
according to the desired particle diameter of the primary
particles and does not include the grinding process of the
solid mixture and the slurry.

[0087] The negative electrode active material for a lithium
secondary battery may be used as a negative electrode active
material in the preparation of a negative electrode of a
lithium secondary battery, and thus, the present invention
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provides a negative electrode for a lithium secondary battery
including the negative electrode active material for a lithium
secondary battery.

[0088] Furthermore, the present invention provides a
lithium secondary battery including the negative electrode
for a lithium secondary battery. The lithium secondary
battery may include a positive electrode, a negative elec-
trode, and a separator disposed between the positive elec-
trode and the negative electrode.

[0089] The positive electrode may be prepared by a typical
method known in the art. For example, a binder, a conduc-
tive agent, and a dispersant, if necessary, as well as a solvent
are mixed with a conventional positive electrode active
material and stirred to prepare a slurry, a metal current
collector is then coated with the slurry and pressed, and the
positive electrode may then be prepared by drying the coated
metal current collector.

[0090] The metal current collector is a metal with high
conductivity, wherein the metal current collector is not
particularly limited so long as it, as a metal to which the
slurry of the positive electrode active material may be easily
adhered, has high conductivity without causing adverse
chemical changes in the battery in a voltage range of the
battery, and, for example, stainless steel, aluminum, nickel,
titanium, fired carbon, or aluminum or stainless steel that is
surface-treated with one of carbon, nickel, titanium, silver,
or the like may be used. Also, the metal current collector
may have a microscopic uneven surface to improve the
adhesion of the positive electrode active material. The
current collector may be used in various shapes, such as a
film, a sheet, a foil, a net, a porous body, a foam body, a
non-woven fabric body, and the like, and may have a
thickness of 3 um to 500 pum.

[0091] Examples of the positive electrode active material
may be lithium cobalt oxide (LiCo0O,); lithium nickel oxide
(LiNiO,); Li [Ni,Co,Mn_M" ;]O, (where M' is at least one
element selected from the group consisting of aluminum
(Al), gallium (Ga), and indium (In), 0.3=a<0.1, 0=b=0.5,
0=c=0.5, 0=d=<0.1, and a+b+c+d=1); a layered compound,
such as Li (Li,M?,, _f,M3 )0, A, (where 0O=e<0.2,
0.6=f=0="<0.2, 0=g=0.2, M includes manganese (Mn) and
at least one selected from the group consisting of nickel (Ni),
cobalt (Co), iron (Fe), chromium (Cr), vanadium (V), copper
(Cu), zinc (Zn), and titanium (Ti), M? is at least one selected
from the group consisting of Al, magnesium (Mg), and
boron (B), and A is at least one selected from the group
consisting of phosphorous (P), fluorine (F), sulfur (S), and
nitrogen (N)), or a compound substituted with at least one
transition metal; lithium manganese oxides such as Li,,
»Mn, O, (where 0<h<0.33), LiMnO,;, LiMn,O;, and
LiMnO,; lithium copper oxide (Li,Cu0O,); vanadium oxides
such as LiV;05, V,0s, and Cu,V,0,; Ni-site type lithium
nickel oxide represented by the chemical formula LiNi,_
M*0, (where M*=Co, Mn, Al, Cu, Fe, Mg, B, or Ga, and
0.01=i<0.3); lithium manganese composite oxide repre-
sented by the chemical formula LiMn, _jM5 0, (where
M°=Co, Ni, Fe, Cr, Zn, or Ta, and 0.01sj=0.1) or
Li,Mn,M°®0, (where M®=Fe, Co, Ni, Cu, or Zn); LiMn,O,,
having a part of lithium (L.i) being substituted with alkaline
earth metal ions; a disulfide compound; LiFe,O,, or Fe,
(Mo0,),, but the positive electrode active material is not
limited thereto.

[0092] An organic solvent, such as N-methylpyrrolidone
(NMP), dimethylformamide (DMF), acetone, and dimethy-
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lacetamide, or water may be used as the solvent used for
forming the positive electrode. These solvents may be used
alone or in a mixture of two or more thereof. An amount of
the solvent used may be sufficient if the solvent may dissolve
and disperse the positive electrode active material, the
binder, and the conductive agent in consideration of a
coating thickness of the slurry and manufacturing yield.
[0093] Various types of binder polymers, such as a poly-
vinylidene fluoride-hexatluoropropylene copolymer
(PVDF-co-HEP), polyvinylidene fluoride, polyacrylonitrile,
polymethylmethacrylate, polyvinyl alcohol, carboxymethyl
cellulose (CMC), starch, hydroxypropyl cellulose, regener-
ated cellulose, polyvinylpyrrolidone, tetrafluoroethylene,
polyethylene, polypropylene, an ethylene-propylene-diene
monomer (EPDM), a sulfonated EPDM, a styrene-butadiene
rubber (SBR), a fluorine rubber, poly acrylic acid, and a
polymer having hydrogen thereof substituted with Li, Na, or
calcium (Ca), or various copolymers, may be used as the
binder.

[0094] Any conductive agent may be used without par-
ticular limitation so long as it has conductivity without
causing adverse chemical changes in the battery, and, for
example, a conductive material such as: graphite such as
natural graphite or artificial graphite; a carbon black such as
acetylene black, Ketjen black, channel black, furnace black,
lamp black, and thermal black; conductive fibers such as
carbon fibers and metal fibers; conductive tubes such as
carbon nanotubes; metal powder such as fluorocarbon pow-
der, aluminum powder, and nickel powder; conductive whis-
kers such as zinc oxide whiskers and potassium titanate
whiskers; conductive metal oxide such as titanium oxide; or
polyphenylene derivatives may be used. The conductive
agent may be used in an amount of 1 wt % to 20 wt % based
on a total weight of the positive electrode slurry.

[0095] An aqueous dispersant or an organic dispersant,
such as N-methyl-2-pyrrolidone, may be used as the disper-
sant.

[0096] The negative clectrode may be prepared by a
typical method known in the art, and, for example, the
negative electrode active material for a lithium secondary
battery and additives, such as a binder and a conductive
agent, are mixed and stirred to prepare a negative electrode
active material slurry, and a current collector for a lithium
secondary battery may then be coated with the slurry, dried,
and pressed to prepare the negative electrode.

[0097] In a case in which the negative electrode further
includes another negative electrode active material other
than the negative electrode active material for a lithium
secondary battery, a carbon material typically capable of
intercalating and deintercalating lithium ions, lithium metal,
silicon, or tin may be used as the additional negative
electrode active material. The carbon material may be pref-
erably used, and both low crystalline carbon and high
crystalline carbon may be used as the carbon material.
Typical examples of the low crystalline carbon may be soft
carbon and hard carbon, and typical examples of the high
crystalline carbon may be natural graphite, Kish graphite,
pyrolytic carbon, mesophase pitch-based carbon fibers,
meso-carbon microbeads, mesophase pitches, and high-
temperature sintered carbon such as petroleum or coal tar
pitch derived cokes.

[0098] The binder may be used for maintaining a molded
article by binding negative electrode active material par-
ticles, wherein the binder is not particularly limited as long
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as it is a typical binder used in the preparation of the slurry
for a negative electrode active material, but, for example, a
non-aqueous binder, such as polyvinyl alcohol, carboxym-
ethyl cellulose, hydroxypropylene cellulose, diacetylene cel-
Iulose, polyvinyl chloride, polyvinylpyrrolidone, polytetra-
fluoroethylene (PTFE), polyvinylidene fluoride (PVdF),
polyethylene, or polypropylene, may be used, and at least
one selected from the group consisting of an acrylonitrile-
butadiene rubber, a styrene-butadiene rubber, and an acrylic
rubber, which are aqueous binders, or a mixture of two or
more thereof may be used. Since the aqueous binder, dif-
ferent from the non-aqueous binder, may be economical and
environmentally friendly, may not be harmful to the health
of workers, and may have a better binding effect than the
non-aqueous binder, a ratio of the active material for the
same volume may be increased. Thus, capacity of the
lithium secondary battery may be increased, and the styrene-
butadiene rubber may be preferably used as the aqueous
binder.

[0099] The binder may be included in an amount of 10 wt
% or less, for example, 0.1 wt % to 10 wt %, based on a total
weight of the slurry for a negative electrode active material.
When the amount of the binder is less than 0.1 wt %, it is not
desirable because an effect obtained by using the binder is
insignificant, and, when the amount of the binder is greater
than 10 wt %, it is not desirable because capacity per volume
may be reduced due to a relative decrease in the amount of
the active material caused by the increase in the amount of
the binder.

[0100] Any conductive agent may be used without par-
ticular limitation so long as it has conductivity without
causing adverse chemical changes in the battery, and,
examples of the conductive agent may be a conductive
material such as: graphite such as natural graphite or arti-
ficial graphite; a carbon black such as acetylene black,
Ketjen black, channel black, furnace black, lamp black, and
thermal black; conductive fibers such as carbon fibers and
metal fibers; metal powder such as fluorocarbon powder,
aluminum powder, and nickel powder; conductive whiskers
such as zinc oxide whiskers and potassium titanate whiskers;
conductive metal oxide such as titanium oxide; or polyphe-
nylene derivatives. The conductive agent may be used in an
amount of 1 wt % to 9 wt % based on the total weight of the
slurry for a negative electrode active material.

[0101] A negative electrode collector used in the negative
electrode may have a thickness of 3 um to 500 pm. The
negative electrode collector is not particularly limited as
long as it has conductivity without causing adverse chemical
changes in the battery, and, for example, copper, stainless
steel, aluminum, nickel, titanium, fired carbon, copper or
stainless steel that is surface-treated with one of carbon,
nickel, titanium, silver, or the like, and an aluminum-
cadmium alloy may be used. Also, microscopic irregularities
may be formed on the surface of the collector to improve the
adhesion of the negative electrode active material, and the
negative electrode collector may be used in various shapes
such as a film, a sheet, a foil, a net, a porous body, a foam
body, a non-woven fabric body, and the like.

[0102] Furthermore, a typical porous polymer film used as
a typical separator, for example, a porous polymer film
prepared from a polyolefin-based polymer, such as an eth-
ylene homopolymer, a propylene homopolymer, an ethyl-
ene/butene copolymer, an ethylene/hexene copolymer, and
an ethylene/methacrylate copolymer, may be used alone or
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in a lamination therewith as the separator. Also, a typical
porous nonwoven fabric, for example, a nonwoven fabric
formed of high melting point glass fibers or polyethylene
terephthalate fibers may be used, but the separator is not
limited thereto.

[0103] A lithium salt, which may be included as an elec-
trolyte used in the present invention, may be used without
limitation so long as it is typically used in an electrolyte for
a lithium secondary battery. For example, any one selected
from the group consisting of F~, C17, Br™, I, NO;~, N(CN)
2 »BE,, ClO,", PF,™, (CF,),PE, 7, (CF;),PF,7, (CF,),PE,,
(CF;)sPF, (CF;)4P~, CF;80;7, CF;CF,S0;7, (CF;S0,)
,N7, (FSO,),N-, CF,CF, (CF,),CO™, (CF;S0,),CH, (SFy)
5C7, (CF580,),C, CF; (CF,),S0;7, CF;CO,~, CH,CO,,
SCN7, and (CF;CF,S0,),N™ may be used as an anion of the
lithium salt.

[0104] The electrolyte used in the present invention may
include an organic liquid electrolyte, an inorganic liquid
electrolyte, a solid polymer electrolyte, a gel-type polymer
electrolyte, a solid inorganic electrolyte, and a molten inor-
ganic electrolyte, which may be used in the preparation of a
lithium secondary battery, but the present invention is not
limited thereto.

[0105] A shape of the lithium secondary battery of the
present invention is not particularly limited, but a cylindrical
type using a can, a prismatic type, a pouch type, or a coin
type may be used.

[0106] The lithium secondary battery according to the
present invention may not only be used in a battery cell that
is used as a power source of a small device, but may also be
used as a unit cell in a medium and large sized battery
module including a plurality of battery cells.

[0107] Preferred examples of the medium and large sized
device may be an electric vehicle, a hybrid electric vehicle,
a plug-in hybrid electric vehicle, or a power storage system,
but the medium and large sized device is not limited thereto.

EXAMPLES

[0108] Hereinafter, the present invention will be described
in detail, according to examples and experimental examples,
but the present invention is not limited to these examples and
experimental examples. The invention may be embodied in
many different forms and should not be construed as being
limited to the embodiments set forth herein. Rather, these
example embodiments are provided so that this description
will be thorough and complete, and will fully convey the
scope of the present invention to those skilled in the art.

Example 1: Preparation of Lithium Titanium
Composite Oxide

[0109] As starting materials, 4.1 moles of lithium hydrox-
ide, 4.9 moles of anatase-type titanium oxide, and 0.1 moles
of potassium carbonate were solid mixed and dissolved in
water under stirring to prepare a slurry.

[0110] The slurry was spray-dried at a hot air temperature
01'200° C. and an exhaust hot air temperature of 190° C. and
heat-treated at 800° C. for 10 hours in an oxygen atmosphere
to prepare a potassium (K)-doped lithium titanium compos-
ite oxide having an average particle diameter (Ds,) of
primary particles of about 650 nm and an average particle
diameter (Ds,) of secondary particles of 6 pm. The lithium
titanium composite oxide has a pore volume of 0.018 cm?/g,
and a specific surface area measured by a Brunauer-Emmett-

Dec. 6, 2018

Teller (BET) method was 5.2 m*/g. The specific surface area
was measured by a 6-point BET method according to a
nitrogen gas adsorption-flow method using a porosimetry
analyzer (Belsorp-1I mini by Bell Japan Inc.).

Example 2: Preparation of Lithium Titanium
Composite Oxide

[0111] A K-doped lithium titanium composite oxide was
prepared in the same manner as in Example 1 except that
0.05 moles of potassium carbonate was used. An average
particle diameter (Ds,) of primary particles was about 800
nm, an average particle diameter (Ds,) of secondary par-
ticles was 6 um, and a specific surface area measured by the
BET method was 4.5 m*/g.

Example 3: Preparation of Lithium Titanium
Composite Oxide

[0112] A K-doped lithium titanium composite oxide was
prepared in the same manner as in Example 1 except that 0.2
moles of potassium carbonate was used. An average particle
diameter (Ds,) of primary particles was about 400 nm, an
average particle diameter (Ds,) of secondary particles was 6
um, and a specific surface area measured by the BET method
was 5.8 m*/g.

Comparative Example 1: Preparation of Lithium
Titanium Composite Oxide

[0113] As starting materials, 4.1 moles of lithium hydrox-
ide and 4.9 moles of anatase-type titanium oxide were solid
mixed and dissolved in water under stirring to prepare a
slurry, and the slurry was then wet ground at 3,000 rpm
using zirconia beads to allow a diameter of primary particles
to be in a range of 300 nm to 700 nm.

[0114] The slurry was spray-dried at a hot air temperature
01'200° C. and an exhaust hot air temperature of 190° C. and
heat-treated at 800° C. for 10 hours in an oxygen atmosphere
to prepare a lithium titanium composite oxide having an
average particle diameter (Ds,) of secondary particles of 6
pum. The lithium titanium composite oxide has a pore volume
of 0.006 cm®/g.

Comparative Example 2: Preparation of Lithium
Titanium Composite Oxide

[0115] As starting materials, 4.1 moles of lithium hydrox-
ide and 4.9 moles of anatase-type titanium oxide were solid
mixed and dissolved in water under stirring to prepare a
slurry.

[0116] The slurry was spray-dried at a hot air temperature
of 200° C. and an exhaust hot air temperature of 190° C.,
was heat-treated at 800° C. for 10 hours in an oxygen
atmosphere, and was wet ground at 3,000 rpm using zirconia
beads to prepare a K-doped lithium titanium composite
oxide having an average particle diameter (Ds,) of second-
ary particles of 6 pm.

Example 4: Preparation of Negative Electrode

[0117] 92 wt % of the lithium titanium composite oxide
prepared in Example 1, 4 wt % of carbon black as a
conductive agent, and 4 wt % of polyvinylidene fluoride
(PVdF), as a binder, were added to N-methyl-2-pyrrolidone
(NMP), as a solvent, to prepare a negative electrode mixture
slurry. An about 20 um thick aluminum (Al) thin film, as a
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negative electrode collector, was coated with the prepared
negative electrode mixture slurry, dried, and then roll-
pressed to prepare a negative electrode on which an active
material layer having a porosity of about 33% was formed.

Example 5: Preparation of Negative Electrode

[0118] A negative electrode was prepared in the same
manner as in Example 4 except that roll press was performed
to form an active material layer having a porosity of about
48%.

Comparative Example 3: Preparation of Negative
Electrode

[0119] A negative electrode was prepared in the same
manner as in Example 4 except that the lithium titanium
composite oxide prepared in Comparative Example 1 was
used instead of the lithium titanium composite oxide pre-
pared in Example 1 during the preparation of the negative
electrode.

Comparative Example 4: Preparation of Negative
Electrode

[0120] A negative electrode was prepared in the same
manner as in Comparative Example 3 except that roll press
was performed to form an active material layer having a
porosity of about 48%.

Example 6: Preparation of Lithium Secondary

Battery
[0121] <Preparation of Positive Electrode>
[0122] 96 wt % of a mixture of LiMn,O, and Li(Ni,

33C0, 53Mn, 55)0, as a positive electrode active material, 2
wt % of carbon black as a conductive agent, and 2 wt % of
polyvinylidene fluoride (PVdF), as a binder, were added to
N-methyl-2-pyrrolidone (NMP), as a solvent, to prepare a
positive electrode mixture slurry. An about 20 pum thick
aluminum (Al) thin film, as a positive electrode collector,
was coated with the positive electrode mixture slurry, dried,
and then roll-pressed to prepare a positive electrode.
[0123] <Preparation of Lithium Secondary Battery>
[0124] After a secondary battery was prepared by a con-
ventional method using the prepared positive electrode and
the negative electrode prepared in Example 4 with a sepa-
rator composed of three layers of polypropylene/polyethyl-
ene/polypropylene (PP/PE/PP), the preparation of the
lithium secondary battery was completed by injecting an
electrolyte in which 1 M LiPF4 was dissolved in a solvent
that was prepared by mixing ethylene carbonate (EC) and
diethyl carbonate (DEC) in a volume ratio of 30:70.

Example 7: Preparation of Lithium Secondary
Battery

[0125] A lithium secondary battery was prepared in the
same manner as in Example 6 except that the negative
electrode prepared in Example 5 was used instead of the
negative electrode prepared in Example 4 in the preparation
of the lithium secondary battery.

Comparative Example 5: Preparation of Lithium
Secondary Battery

[0126] A lithium secondary battery was prepared in the
same manner as in Example 6 except that the negative
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electrode prepared in Comparative Example 3 was used
instead of the negative electrode prepared in Example 4 in
the preparation of the lithium secondary battery.

Comparative Example 6: Preparation of Lithium
Secondary Battery

[0127] A lithium secondary battery was prepared in the
same manner as in Example 6 except that the negative
electrode prepared in Comparative Example 4 was used
instead of the negative electrode prepared in Example 4 in
the preparation of the lithium secondary battery.

Experimental Example 1: SEM

[0128] Images of the negative electrodes respectively pre-
pared in Examples 4 and 5 and Comparative Examples 3 and
4 were taken using a scanning electron microscope (SEM)
and are respectively presented in FIGS. 1 (Examples 4 and
5) and 2 (Comparative Examples 3 and 4).

[0129] Specifically, the preparation of the negative elec-
trodes was completed by roll pressing the negative elec-
trodes 8 times to allow each active material layer to have a
porosity of about 33% and roll pressing the negative elec-
trodes once to allow each active material layer to have a
porosity of about 48%, and images of the negative electrodes
were taken using an SEM and are respectively presented in
FIGS. 1 and 2 (33% and 48% in FIGS. 1 and 2 represent
porosities of the negative electrodes).

[0130] Referring to FIGS. 1 and 2, it may be confirmed
that, with respect to the negative eclectrode prepared in
Example 4, lithium titanium composite oxide particles
included in the negative electrode active material layer
relatively well maintained their shapes even after the roll
pressing in comparison to the negative electrode prepared in
Comparative Example 3. This trend was more pronounced in
the negative electrode having a porosity of 33%, wherein,
with respect to the negative electrode prepared in Compara-
tive Example 3 illustrated in FIG. 2, since the negative
electrode active material in a portion, in which the negative
electrode active material layer was in contact with the
current collector (lower end portion of the negative electrode
active material layer in the drawing), was crushed, its shape
was not maintained, but, with respect to the negative elec-
trode prepared in Example 4 illustrated in FIG. 1, it may be
confirmed that the shape of the negative electrode active
material in a portion, in which the negative electrode active
material layer was in contact with the current collector, was
significantly well maintained in comparison to that of Com-
parative Example 3.

Experimental Example 2: Particle Size Distribution
(PSD) Measurement

[0131] PSD of each of the lithium titanium composite
oxides prepared in Example 1 and Comparative Example 1
was measured by using ‘CILAS 920, France’ by CILAS and
‘Mastersizer 2000, USA’ by MALVERN Instruments [.td.,
and is presented in FIG. 3 below.

[0132] Referring to FIG. 3, it may be confirmed that an
amount of particles having a diameter of 1 um or less of the
lithium titanium composite oxide particles prepared in
Example 1 was significantly lower and the particle diameter
distribution of the particles prepared in Example 1 was
narrower than that of the lithium titanium composite oxide
particles prepared in Comparative Example 1. These differ-
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ences were considered due to the fact that, since Compara-
tive Example 1 included the separate grinding process for
adjusting the particle diameter of the primary particles, the
primary particles may be damaged in this process to reduce
the strength or may have non-uniform particle diameters.
That is, since the particle diameter distribution of the pri-
mary particles in Comparative Example 1 was not uniform,
the particle diameter distribution of the secondary particles
became wide when the secondary particle was formed by
using the primary particles, and thus, it may be considered
that an amount of fine particles having a small particle
diameter was increased.

[0133] Experimental Example 3: Impedance Measure-
ment By EIS
[0134] FIGS. 4 (Examples 6 and 7) and 5 (Comparative

Examples 5 and 6) illustrate impedances of secondary
batteries subjected to two charge/discharge cycles in which
resistance per frequency of each secondary battery was
measured by using electrochemical impedance spectroscopy
(EIS) and its tendency was then converted into a semi-circle.
[0135] Referring to FIGS. 4 and 5, it may be confirmed
that, with respect to the negative electrode including the
lithium titanium composite oxide of Example 1, resistance at
a negative electrode interface was relatively lower than that
of the negative electrode including the lithium titanium
composite oxide of Comparative Example 1. This was
considered due to the fact that, since the lithium titanium
composite oxide of Example 1 maintained its particle shape
as well as pores of the particle itself even in a case in which
the porosity of the active material layer was reduced by roll
pressing the negative clectrode active material layer, an
increase in lithium diffusion resistance was suppressed.

Experimental Example 4: <DC-IR Test>

[0136] After the secondary batteries obtained in Example
6 and Comparative Example 5 were charged and discharged
twice, the secondary batteries were discharged at 10 C for 3
minutes from a fully charged state to measure voltage drops.
The measured results until 30 seconds are illustrated in FIG.
6.

[0137] Referring to FIG. 6, the secondary battery of Com-
parative Example 5 had a larger voltage drop than the
secondary battery of Example 6, and it was considered due
to the fact that, with respect to the negative electrode
(Comparative Example 3) including the lithium titanium
composite oxide particles prepared in Comparative Example
1 which was included in the secondary battery of Compara-
tive Example 5, since the amount of fine particles included
in the lithium titanium composite oxide particles prepared in
Comparative Example 1 was large, the fine particles
increased overall resistance of the electrode. In contrast,
since the secondary battery of Example 6 included the
negative electrode (Example 4) including the lithium tita-
nium composite oxide particles prepared in Example 1 and
the lithium titanium composite oxide particles prepared in
Example 1 had a uniform particle size distribution, it was
considered that an increase in electrode resistance was not
relatively large.

[0138] Thus, the method of preparing an active material
for a lithium secondary battery according to the exemplary
embodiment of the present invention may control the diam-
eter of the primary particles by adjusting the amount of the
metallic element introduced. Accordingly, the prepared
active material for a lithium secondary battery may maintain
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an adequate pore volume, because it exhibited excellent
particle strength while having the adequate pore volume,
and may exhibited excellent electrochemical performance
due to the uniform particle diameter distribution.

1. An active material for a lithium secondary battery,
which comprises a secondary particle formed by agglom-
eration of primary particles comprising a lithium titanium
composite oxide represented by Formula 1 or Formula 2,

wherein the secondary particle has a pore volume of 0.001

cm’/g to 0.05 cm’/g;

Ligg M, TisO;5 [Formula 1]

LiyTigs.pM, 01 [Formula 2]

wherein, in Formula 1 or Formula 2,

0<x<0.5, and

M is sodium (Na), potassium (K), rubidium (Rb), zirco-

nium (Zr), tungsten (W), magnesium (Mg), molybde-
num (Mo), or tantalum (Ta).

2. The active material for a lithium secondary battery of
claim 1, wherein the primary particles have an average
particle diameter (Ds,) of 0.05 pm to 2 pm.

3. The active material for a lithium secondary battery of
claim 1, wherein an average particle diameter (D, ) of the
primary particles is 60% to 95% of an average particle
diameter (Ds,), and an average particle diameter (D) is
105% to 140% of the average particle diameter (D).

4. The active material for a lithium secondary battery of
claim 1, wherein the secondary particle has an average
particle diameter (D) of 1 um to 30 pm.

5. The active material for a lithium secondary battery of
claim 1, wherein, when a pressure of 2,000 kgf/em?® is
applied to the secondary particle, the secondary particle has
a pore volume of 70 vol % to 99 vol % based on 100 vol %
of the pore volume before applying the pressure.

6. The active material for a lithium secondary battery of
claim 1, wherein M is K, Rb, Mg, or Ta.

7. An electrode for a lithium secondary battery, the
electrode comprising the active material for a lithium sec-
ondary battery of claim 1.

8. A lithium secondary battery comprising the electrode
for a lithium secondary battery of claim 7.

9. A method of preparing an active material for a lithium
secondary battery, the method comprising steps of:

(1) solid mixing a lithium-containing compound, a tita-

nium oxide, and a doping metal-containing compound;

(2) dispersing the solid mixture of step (1) in a solvent to

prepare a slurry;

(3) spray drying the slurry prepared in step (2) to prepare

a secondary particle formed by agglomeration of pri-
mary particles; and

(4) sintering the secondary particle formed by the agglom-

eration of the primary particles,

wherein the method does not comprise a separate grinding

process of the solid mixture and the slurry,

the doping metal comprises at least one selected from the

group consisting of sodium (Na), potassium (K),
rubidium (Rb), zirconium (Zr), tungsten (W), magne-
sium (Mg), molybdenum (Mo), and tantalum (Ta), and
the secondary particle has a pore volume of 0.001
cm®/g to 0.05 cm®/g.

10. The method of claim 9, wherein the lithium-contain-
ing compound comprises at least one selected from the
group consisting of lithium carbonate, lithium hydroxide,
and lithium oxide.
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11. The method of claim 9, wherein the doping metal-
containing compound comprises at least one selected from
the group consisting of carbonate, hydroxide, and oxide of
the doping metal.

12. The method of claim 9, wherein the solid mixing of
step (1) further comprises a process of adjusting an amount
of the doping metal-containing compound according to a
desired particle diameter of the primary particles before the
solid mixing.

13. The method of claim 12, wherein an average particle
diameter (Ds,) of the primary particles formed is reduced by
0.5% to 2% when a molar ratio of the doping metal-
containing compound among the lithium-containing com-
pound, titanium oxide, and doping metal-containing com-
pound is increased by 0.01.

14. The method of claim 9, wherein the primary particles
comprise a lithium titanium composite oxide represented by
Formula 1 or Formula 2:
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Ligg oM, TisO), [Formula 1]
LiyTigs.pM, 01 [Formula 2]

wherein, in Formula 1 or Formula 2,

0<x<0.5, and

M is Na, K, Rb, Zr, W, Mg, Mo, or Ta.

15. The method of claim 14, wherein an average particle
diameter (Ds,) of the primary particles is reduced by 0.5%

to 2% when an x value in Formula 1 or Formula 2 is
increased by 0.01.

16. The method of claim 9, wherein an average particle
diameter (D, ) of the primary particles is 60% to 95% of an
average particle diameter (Ds,), and an average particle
diameter (Dg,) is 105% to 140% of the average particle
diameter (D).



