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ing the positive electrode active material precursor.
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[FIG. 7]
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POSITIVE ELECTRODE ACTIVE MATERIAL
HAVING SURFACE PORTION DOPED WITH
HETERO ELEMENTS, AND METHOD FOR
PRODUCING SAME

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a National Stage of International
Application No. PCT/KR2020/007976 filed Jun. 19, 2020,
claiming priority based on Korean Patent Application No.
10-2019-0073581 filed Jun. 20, 2019 and Korean Patent
Application No 10-2020-0074867 filed Jun. 19, 2020.

FIELD

The present disclosure relates to a positive electrode
active material and a method for producing the same. More
specifically, the present disclosure relates to a positive
electrode active material having a surface portion doped
with hetero elements, a method for producing the same, and
a lithium secondary battery including the same.

DESCRIPTION OF RELATED ART

With development of portable mobile electronic devices
such as smart phones, MP3 players, and tablet PCs, the
demand for secondary batteries capable of storing electrical
energy is increasing explosively. In particular, with the
advent of electric vehicles, medium and large sized energy
storage systems, and portable devices requiring high energy
density, the demand for lithium secondary batteries is
increasing.

With the increase in demand for lithium secondary bat-
teries, various research and development are being con-
ducted to improve characteristics of positive electrode active
materials used in lithium secondary batteries. For example,
in Korean Patent Application Publication No. 10-2014-
0119621 (Application No. 10-2013-0150315), a secondary
battery having high voltage capacity and long life charac-
teristics is disclosed in which a precursor for production of
a lithium-rich positive electrode active material is used, and
a type and a composition of a metal substituted in the
precursor are controlled, a type and an amount of an added
metal are controlled.

DISCLOSURE
Technical Purposes

One technical purpose to be achieved by the present
disclosure is to provide a high-capacity positive electrode
active material with improved lifespan characteristics and
capacity characteristics, the material including a high con-
tent of nickel, a method for producing the same, and a
lithium secondary battery including the same.

Another technical purpose that the present disclosure
seeks to achieve is to provide a long-life positive electrode
active material as produced using a novel method such that
a crystal structure of a surface portion of the positive
electrode active material is different from that of a center
portion thereof, a method for producing the same, and a
lithium secondary battery including the same.

Another technical purpose to be achieved by the present
disclosure is to provide a high-stability positive electrode
active material, a method for producing the same, and a
lithium secondary battery including the same.
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2

Another technical purpose to be achieved by the present
disclosure is to provide a positive electrode active material
that has a high discharge capacity and at the same time has
minimized lifespan deterioration depending on the number
of charge/discharge, a method for producing the same, and
a lithium secondary battery including the same.

The technical purpose to be achieved by the present
disclosure is not limited to the above purposes.

Technical Solutions

One aspect of the present disclosure provides a positive
electrode active material precursor including a first second-
ary particle as an aggregate of a plurality of first primary
particles, wherein the positive electrode active material
precursor includes a first center portion made of a material
represented by a following Chemical Formula 1, and a first
surface portion made of a material represented by the
following Chemical Formula 2, wherein a percentage of a
thickness of the first surface portion with respect to an
average radius of the positive electrode active material
precursor is in a range of 2% to 20%:

Ni; M1, (OH), <Chemical Formula 1>

Niy, M1, M2, (OH), <Chemical Formula 2>

where M1 is cobalt (Co), manganese (Mn), aluminum
(Al) or mixtures thereof, M2 is tungsten (W), molybdenum
(Mo), tantalum (Ta), niobium (Nb), hafnium (Hf), silicon
(Si), tin (Sn), zirconium (Zr), calcium (Ca), germanium
(Ge), gallium (Ga), indium (In), ruthenium (Ru), tellurium
(Te), antimony (Sb), iron (Fe), chromium (Cr), vanadium
(V), titanium (Ti) or mixtures thereof, 0=x<0.2, O<y=0.2,
and 0.005=z<0.1.

In one implementation of the positive electrode active
material precursor, a length in an a-axis direction of each of
the first primary particles different from a length in a c-axis
direction thereof, wherein a length in the a-axis direction of
each of the first primary particles disposed in the first surface
portion is larger than a length in the a-axis direction of each
of the first primary particles disposed in the first center
portion.

In one implementation of the positive electrode active
material precursor, each of the first center portion and the
first surface portion has a layered structure (R-3m space
group) including a first lithium layer made only of lithium
and a first transition metal layer made only of a transition
metal.

Another aspect of the present disclosure provides a posi-
tive electrode active material produced by mixing the posi-
tive electrode active material precursor according to one of
claims 1 to 3 with a lithium compound and sintering the
mixture, wherein the positive electrode active material
includes a second secondary particle as an aggregate of a
plurality of second primary particles, wherein the positive
electrode active material includes a second center portion as
a portion adjacent to a center of the positive electrode active
material, and a second surface portion constituting an outer
face of the positive electrode active material and surround-
ing the second center portion, wherein each of the second
center portion and the second surface portion includes
lithium, nickel, oxygen, M1 and M2, wherein M1 is cobalt
(Co), manganese (Mn), aluminum (Al) or mixtures thereof,
M2 is tungsten (W), molybdenum (Mo), tantalum (Ta),
niobium (Nb), hathium (Hf), silicon (Si), tin (Sn), zirconium
(Zr), calcium (Ca), germanium (Ge), gallium (Ga), indium
(In), ruthenium (Ru), tellurium (Te), antimony (Sb), iron
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3
(Fe), chromium (Cr), vanadium (V) and titanium (Ti) or
mixtures thereof, wherein M2 has a content in a range of 0.5
mol % to 10 mol %.

In one implementation of the positive electrode active
material, M2 has a content in a range of 0.5 mol % to 2 mol
%.

In one implementation of the positive electrode active
material, a concentration of M2 of the second center portion
is lower than a concentration of M2 of the second surface
portion.

In one implementation of the positive electrode active
material, a concentration of M2 of the second surface
portion has a concentration gradient in which a concentra-
tion increases as the second surface portion extends out-
wardly from the second center portion.

In one implementation of the positive electrode active
material, the positive electrode active material represented
by a following Chemical Formula 3:

Li Ni;_, M1,M2.0, <Chemical Formula 3>

where M1 is cobalt (Co), manganese (Mn), aluminum
(Al) or mixtures thereof, M2 is tungsten (W), molyb-
denum (Mo), tantalum (Ta), niobium (Nb), hafnium
(Hf), silicon (Si), tin (Sn), zirconium (Zr), calcium
(Ca), germanium (Ge), gallium (Ga), indium (In),
ruthenium (Ru), tellurium (Te), antimony (Sb), iron
(Fe), chromium (Cr), vanadium (V), titanium (Ti) or
mixtures thereof, 0.8<a<1.1, 0<b=<0.2, 0.001=c=<0.05,
and O=d=2.

In one implementation of the positive electrode active
material, a percentage of a thickness of the second surface
portion with respect to an average radius of the positive
electrode active material is in a range of 2% to 20%.

In one implementation of the positive electrode active
material, the positive electrode active material includes a
first lithium layer made only of lithium, a first transition
metal layer made only of a transition metal, a second lithium
layer in which at least a portion of the lithium constituting
the first lithium layer is regularly substituted with a transi-
tion metal, and a second transition metal layer in which at
least a portion of the transition metal of the first transition
metal layer is regularly substituted with lithium, wherein
each of the second center portion and the second surface
portion includes the first lithium layer and the first transition
metal layer, wherein the second surface portion further
includes a cation ordering in which the second lithium layer
and the second transition metal layer are alternately and
regularly stacked one on top of the other.

In one implementation of the positive electrode active
material, a lattice formed by the second lithium layer and the
second transition metal layer includes a superlattice in which
a length of an a-axis is larger by two times than a length of
an a-axis of a lattice formed by the first lithium layer and the
first transition metal layer, wherein the superlattice includes
6 lithium elements and 1 transition metal element.

In one implementation of the positive electrode active
material, that a length in an a-axis direction of each of the
second primary particles is different from a length in a c-axis
direction thereof, wherein a length in the a-axis direction of
each of the second primary particles disposed in the second
surface portion is larger than a length in the a-axis direction
of each of the second primary particles disposed in the
second center portion.

In one implementation of the positive electrode active
material, a length in an a-axis direction of each of the second
primary particles is different from a length in a c-axis
direction thereof, wherein aspect ratios of the second pri-
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mary particles as a ratio of a length in an a-axis direction
thereof to a length in a c-axis direction thereof increase as
the second primary particle extends from the second center
portion to the second surface portion.

In one implementation of the positive electrode active
material, the positive electrode active material includes a
concentration-constant portion in which a concentration of
each of nickel and M1 is constant, and a concentration-
gradient portion in which a concentration of at least one of
nickel and M1 has a gradient, wherein a concentration of M2
has a gradient along the concentration-constant portion and
the concentration-gradient portion.

In one implementation of the positive electrode active
material, an average concentration of M2 in the concentra-
tion-gradient portion is higher than an average concentration
of M2 in the concentration-constant portion.

In one implementation of the positive electrode active
material, the concentration-constant portion belongs to in
the second center portion, wherein the concentration-gradi-
ent portion belongs to the second surface portion, wherein a
concentration of nickel in the concentration-gradient portion
decreases as the concentration-gradient portion extends
from an inner portion of the positive electrode active mate-
rial toward a surface thereof, wherein a concentration of
each of M1 and M2 in the concentration-gradient portion
increases as the concentration-gradient portion extends from
an inner portion of the positive electrode active material
toward a surface thereof, wherein M1 includes cobalt (Co).

Still another aspect of the present disclosure provides a
positive electrode for a secondary battery including the
positive electrode active material as defined above.

Still another aspect of the present disclosure provides a
lithium secondary battery comprising: a positive electrode
for a secondary battery including the positive electrode
active material as defined above; a negative electrode for a
secondary battery; and an electrolyte.

Still another aspect of the present disclosure provides a
battery module including the lithium secondary battery as
defined above as a unit cell.

Still another aspect of the present disclosure provides a
battery pack including the battery module, wherein the
battery pack is used as a power source for a medium and
large sized apparatus, wherein the medium and large sized
apparatus is selected from a group consisting of an electric
vehicle, a hybrid electric vehicle, a plug-in hybrid electric
vehicle, and a power storage system.

Technical Effects

According to the present disclosure as described above,
the positive electrode active material according to the pres-
ent disclosure may include the secondary particle as aggre-
gation of the plurality of primary particles, wherein the
secondary particle may include nickel at a high content and
may be doped with hetero elements.

The hetero elements may control a shape of the primary
particles and the directionality of the primary particles,
thereby providing the positive electrode active material that
may be used stably for a long time and have high discharge
capacity.

Further, the positive electrode active material according to
the present disclosure may be doped with the hetero ele-
ments to improve the cycle characteristics of the positive
electrode active material including the nickel at a high
content. At the same time, the hetero elements may be doped
thereto using a novel method, such that deterioration of the
capacity characteristics due to a lower content of the hetero
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elements than that in a conventional case, are prevented, and
the cycle characteristics are excellently improved at the
same time.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1a is a schematic diagram of a cross-section of a
positive electrode active material according to an embodi-
ment of the present disclosure.

FIG. 1B is a diagram schematically showing movement of
lithium ions in the positive electrode active material accord-
ing to an embodiment of the present disclosure.

FIG. 2a is a SEM picture of a positive electrode active
material according to Present Example 1 of the present
disclosure.

FIG. 26 is a graph analyzing an elemental composition of
a positive electrode active material precursor according to
Present Example 1 of the present disclosure.

FIG. 2¢ is a graph analyzing an elemental composition of
the positive electrode active material of Present Example 1
of the present disclosure.

FIG. 3 is a TEM photograph and a SAED pattern of a
surface portion of the positive electrode active material
according to Present Example 1 of the present disclosure.

FIG. 4 is a TEM photograph and a SAED pattern of the
center portion of a positive electrode active material accord-
ing to Present Example 2 of the present disclosure.

FIG. 5 is a graph measuring the discharge capacity of a
lithium secondary battery including a positive electrode
active material according to each of Present Example 1 and
Comparative Example 1 of the present disclosure.

FIG. 6 is a graph measuring the lifetime characteristics of
a lithium secondary battery including a positive electrode
active material according to each of Present Example 1 and
Comparative Example 1 of the present disclosure.

FIG. 7 is a graph measuring differential capacity based on
the number of charge and discharge of a lithium secondary
battery including a positive electrode active material accord-
ing to each of Present Example 1 and Comparative Example
1 of the present disclosure.

FIG. 8 is a graph evaluating the thermal stability of a
lithium secondary battery including a positive electrode
active material according to each of Present Example 1 and
Comparative Example 1 of the present disclosure.

FIG. 9 is a graph showing the capacity characteristics of
each of Present Example 2 to Present Example 4 and
Comparative Example 2 to Comparative Example 4 of the
present disclosure.

FIG. 10 is a graph showing the cycle characteristics of
each of Present Example 2 to Present Example 4 and
Comparative Example 2 to Comparative Example 4 of the
present disclosure.

FIG. 11 is an SEM image showing a cross-section of a
precursor according to Present Example 6 of the present
disclosure.

FIG. 12 is a SEM image of a positive electrode active
material which is a sintered product of each of Present
Example 6 and Comparative Example 5.

FIG. 13 is a graph showing the capacity characteristics of
each of Present Example 5, Present Example 6, and Com-
parative Example 5 of the present disclosure.

FIG. 14 is a graph showing the cycle characteristics of
each of Present Example 5, Present Example 6, and Com-
parative Example 5 of the present disclosure.

FIG. 15 is a graph showing the capacity characteristics of
each of Present Example 2, Present Example 6, and Com-
parative Example 5.
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FIG. 16 is a graph showing the cycle characteristics of
each of Present Example 2, Present Example 6, Comparative
Example 2, and Comparative Example 5.

FIG. 17 is a graph showing the capacity characteristics of
each of Present Example 7 to Present Example 9 and
Comparative Example 6 and Comparative Example 7 of the
present disclosure.

FIG. 18 is a graph showing the cycle characteristics of
each of Present Example 7 to Present Example 9 and
Comparative Example 6 and Comparative Example 7 of the
present disclosure.

FIG. 19 is a graph showing the capacity characteristics of
each of Present Example 10 and Comparative Example 8.

FIG. 20 is a graph showing the cycle characteristics of
each of Present Example 10 and Comparative Example 8.

FIG. 21 is a graph showing the capacity characteristics of
each of Present Example 10 and Comparative Example 9.

FIG. 22 is a graph showing the cycle characteristics of
each of Present Example 10 and Comparative Example 9.

FIG. 23 is a SEM image showing a cross-section of a
precursor of Present Example 11.

FIG. 24 is a SEM image showing a cross section of a
positive electrode active material, which is a sintered prod-
uct of Present Example 11.

FIG. 25a and FIG. 25b are SEM images of the positive
electrode active material as a sintered product of each of
Comparative Example 11 (left) and Present Example 11
(right).

FIG. 26 is a graph showing an elemental composition of
each of a precursor and a positive electrode active material
as a sintered product of each of Comparative Example 10
and Present Example 11.

FIG. 27 is a graph showing the capacity characteristics of
each of Present Example 11, Comparative Example 10, and
Comparative Example 11.

FIG. 28 is a graph showing the cycle characteristics of
each of Present Example 11, Comparative Example 10, and
Comparative Example 11.

DETAILED DESCRIPTIONS

The specific details of other embodiments are included in
the detailed description and drawings.

Advantages and features of the present disclosure, and a
method to achieve the same will become apparent with
reference to the embodiments described below in detail in
conjunction with the accompanying drawings. However, the
present disclosure is not limited to the embodiments dis-
closed below and may be implemented in a variety of
different forms. Unless otherwise specified in following
descriptions, all of numbers, values, and/or expressions
indicating ingredients, reaction conditions, and contents of
ingredients in the present disclosure are, in essence, approxi-
mations thereof based on various uncertainties in measure-
ments which occur in obtaining the numbers, values, and/or
expressions. Thus, the numbers, values and/or expressions
should be understood as being modified by a term “about”
in all instances. Further, where a numerical range is dis-
closed in the present description, the range is continuous and
includes a minimum value and a maximum value of the
range, unless otherwise indicated. Further, where the num-
ber or the value refers to an integer, the range includes all of
integers included between the minimum and the maximum
of the range, unless otherwise indicated.

Further, in the present disclosure, when a variable is
included in a range, the variable will be understood to
include all values within a stated range including stated
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endpoints of the range. For example, a range of “5 to 10”
includes values of 5, 6, 7, 8, 9, and 10, as well as any
subranges such as 6 to 10, 7 to 10, 6 t0 9, 7 to 9, etc. It will
be understood that the variable includes any value between
valid integers in a stated range such as 5.5, 6.5, 7.5, 5.5 to
8.5, and 6.5 to 9, etc. For example, a range “10% to 30%”
includes all of integer values such as 10%, 11%, 12%, 13%,
30%, etc. as well as any subranges such as 10% to 15%, 12%
to 18%, or 20% to 30%, etc. It will be understood that the
range includes any value between valid integers within the
stated range such as 10.5%, 15.5%, 25.5%, etc.

In one embodiment, a size and a particle diameter of each
of various particles such as primary particles, secondary
particles, etc. may be represented as an average value of
measurements from a measurement method thereof. How-
ever, the present disclosure may be limited thereto. Con-
ventionally, a mode diameter expressing the maximum value
of the distribution, a median diameter corresponding to a
median value of the integral distribution curve, and various
average diameters (number average, length average, area
average, mass average, volume average, etc.) may be
employed. In the present disclosure, unless otherwise speci-
fied, the average size and the average particle diameter may
refer to a number average size and diameter, and D50 (a
particle diameter at a point where the distribution percentage
is 50%) may be measured.

According to one aspect of the present disclosure, the
present disclosure provides a positive electrode active mate-
rial precursor including a first secondary particle as collec-
tion of a plurality of first primary particles, wherein the
positive electrode active material precursor includes a first
center portion made of a material represented by a following
Chemical Formula 1, and a first surface portion made of a
material represented by the following Chemical Formula 2,
wherein a percentage of a thickness of the first surface
portion with respect to an average radius of the positive
electrode active material precursor is in a range of 2% to
20%:

Ni, ,M1,(OH), <Chemical Formula 1>

Niy_,.M1, M2, (OH), <Chemical Formula 2>

where M1 is cobalt (Co), manganese (Mn), aluminum
(Al) or mixtures thereof, M2 is tungsten (W), molybdenum
(Mo), tantalum (Ta), niobium (Nb), hafhium (Hf), silicon
(8i), tin (Sn), zirconium (Zr), calcium (Ca), germanium
(Ge), gallium (Ga), indium (In), ruthenium (Ru), tellurium
(Te), antimony (Sb), iron (Fe), chromium (Cr), vanadium
(V), titanium (Ti) or mixtures thereof, and 0=x=<0.2,
0=y=0.2, 0.005=7z<0.1.

In one implementation of the positive electrode active
material precursor, a length in an a-axis direction of each of
the first primary particles different from a length in a c-axis
direction thereof, wherein a length in the a-axis direction of
each of the first primary particles disposed in the first surface
portion is larger than a length in the a-axis direction of each
of the first primary particles disposed in the first center
portion.

In the positive electrode active material precursor accord-
ing to this embodiment, the first secondary particle may have
a substantially spherical shape, and each of the first primary
particles may have a rod shape in which a length in the a-axis
direction thereof is different from a length in the c-axis
direction thereof. At least some of the first primary particles
may be arranged in a radial direction, and the a-axis direc-
tion of the first primary particles may be oriented toward the
center of the first secondary particle, and the first primary
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particles may be oriented in a direction from the center of the
positive electrode active material to the surface thereof.
Further, the first primary particles in the surface portion may
be highly oriented than the first primary particles in the
center portion of the first secondary particle may be. The
length in the a-axis direction of each of the first primary
particles in the surface portion may be larger than that of
each of the first primary particles in the center portion.
Specifically, the lengths in the a-axis direction of the first
primary particles may increase as the first secondary particle
extends from the center portion toward the surface portion.

In the positive electrode active material precursor accord-
ing to an embodiment of the present disclosure, the first
center portion and the first surface portion may be made of
different materials having different chemical formulas. In
the positive electrode active material precursor, each of the
first center portion and the first surface portion has a layered
structure (R-3m space group) including a first lithium layer
made only of lithium and a first transition metal layer made
only of a transition metal. For example, in the positive
electrode active material precursor, the first center portion
and the first surface portion may be made of different
materials having different chemical formulas, while each of
the first center portion and the first surface portion may have
the same layered structure as a crystal structure. Further,
even though the first center portion and the first surface
portion are made of materials having different Chemical
Formulas, the first primary particles disposed in the first
center portion and the first primary particles disposed in the
second surface portion may not have different shapes, but
may have the rod shape and thus may have continuity.

FIG. 1a is a schematic diagram of a cross-section of a
positive electrode active material according to an embodi-
ment of the present disclosure, and FIG. 1B is a diagram
schematically showing movement of lithium ions in a posi-
tive electrode active material according to an embodiment of
the present disclosure.

Referring to FIG. 1a and FIG. 1B, the present disclosure
provides a positive electrode active material produced by
mixing the aforementioned positive electrode active mate-
rial precursor with a lithium compound and sintering the
mixture, wherein the positive electrode active material
includes a second secondary particle 100 as an aggregate of
a plurality of second primary particles 10, wherein the
positive electrode active material includes a second center
portion as a portion adjacent to a center of the positive
electrode active material, and a second surface portion
constituting an outer face of the positive electrode active
material and surrounding the second center portion.

Each of the second center portion and the second surface
portion includes lithium, nickel, oxygen, M1 and M2,
wherein M1 is cobalt (Co), manganese (Mn), aluminum (Al)
or mixtures thereof, M2 is tungsten (W), molybdenum (Mo),
tantalum (Ta), niobium (Nb), hafnium (Hf), silicon (Si), tin
(Sn), zirconium (Zr), calcium (Ca), germanium (Ge), gal-
lium (Ga), indium (In), ruthenium (Ru), tellurium (Te),
antimony (Sb), iron (Fe), chromium (Cr), vanadium (V) and
titanium (Ti) or mixtures thereof, wherein M2 has a content
in a range of 0.5 mol % to 10 mol %.

Specifically, M2 may have a content in a range of about
0.55 mol % to 10 mol %, about 0.6 mol % to 10 mol %,
about 0.65 mol % to 10 mol %, about 0.7 mol % to 10 mol
%, about 0.75 mol % to 10 mol %, about 0.8 mol % to 10
mol %, about 0.85 mol % to 10 mol %, about 0.9 mol % to
10 mol %, about 0.95 mol % to 10 mol %, or about 0.5 mol
% t0 9.5 mol %, about 0.5 mol % to 9 mol %, about 0.5 mol
% to 8.5 mol %, about 0.5 mol % to 8 mol %, about 0.5 mol
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% to 7.5 mol %, about 0.5 mol % to 7 mol %, about 0.5 mol
% to 6.5 mol %, about 0.5 mol % to 6 mol %, about 0.5 mol
% to 5.5 mol %, or about 0.5 mol % to 5 mol %. Further, M2
may have a content in a range of about 1 mol % to 10 mol
%, about 2 mol % to 10 mol %, about 3 mol % to 10 mol
%, about 4 mol % to 10 mol %, or about 5 mol % to 10 mol
%. More specifically, M2 may have a content in a range of
about 0.5 mol % to 2 mol %.

In the positive electrode active material, a concentration
of M2 in the second center portion may be lower than a
concentration of M2 in the second surface portion. Specifi-
cally, the concentration of M2 in the second surface portion
may have a concentration gradient such that the concentra-
tion thereof increases as the second secondary particle 100
extends outwardly from the second center portion.

The positive electrode active material may be represented
by a following Chemical Formula 3:

Li Ni;_, M1,M2.0,_,; <Chemical Formula 3>

where M1 is cobalt (Co), manganese (Mn), aluminum
(Al) or mixtures thereof, M2 is tungsten (W), molyb-
denum (Mo), tantalum (Ta), niobium (Nb), hafnium
(Hf), silicon (Si), tin (Sn), zirconium (Zr), calcium
(Ca), germanium (Ge), gallium (Ga), indium (In),
ruthenium (Ru), tellurium (Te), antimony (Sb), iron
(Fe), chromium (Cr), vanadium (V), titanium (Ti) or
mixtures thereof 0.8<a<l.1, 0<b=<0.2, 0.001=c=<0.05,
and O=d=2.

Specifically, b may be 0=b=0.18, 0=b=<0.15, 0<b=<0.13,

0<b=0.1, 0=b=<0.07, 0=b=<0.05 or 0=<b=0.03, ¢ may be
0.001=c=<0.045, 0.001=c=0.04, 0.001=c=<0.035,
0.001=c=<0.03, 0.001=c=0.025, 0.001=c=0.02,

0.001=c=<0.015, or 0.001=c=<0.012.

In one implementation of the positive electrode active
material, a percentage of a thickness of the second surface
portion with respect to an average radius of the positive
electrode active material may be in a range of 2% to 20%.
Specifically, the percentage of a thickness of the second
surface portion with respect to an average radius of the
positive electrode active material may be in a range of about
2.5% to 20%, about 3% to 20%, about 4% to 20%, about 5%
to 20%, about 6% to 20%, about 7% to about 7% 20%, about
8% to 20%, about 9% to 20%, about 10% to 20%, or about
2% to 19%, about 2% to 18%, about 2% to 17%, about 2%
to 16%, about 2% to 15%, about 2% to 14%, about 2% to
13%, about 2% to 12%, about 2% to 11%, or about 2% to
10%.

In one implementation of the positive electrode active
material, the positive electrode active material includes a
first lithium layer made only of lithium, a first transition
metal layer made only of a transition metal, a second lithium
layer in which at least a portion of the lithium constituting
the first lithium layer is regularly substituted with a transi-
tion metal, and a second transition metal layer in which at
least a portion of the transition metal of the first transition
metal layer is regularly substituted with lithium, wherein
each of the second center portion and the second surface
portion includes the first lithium layer and the first transition
metal layer, wherein the second surface portion further
includes a cation ordering in which the second lithium layer
and the second transition metal layer are alternately and
regularly stacked one on top of the other.

In one implementation of the positive electrode active
material, a lattice formed by the second lithium layer and the
second transition metal layer includes a superlattice in which
a length of an a-axis is larger by two times than a length of
an a-axis of a lattice formed by the first lithium layer and the
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first transition metal layer, wherein the superlattice includes
6 lithium elements and 1 transition metal element.

Specifically, in the positive electrode active material pre-
cursor according to an embodiment of the present disclo-
sure, each of the first center portion and the first surface
portion may be composed only of the first lithium layer and
the first transition metal layer. In this connection, the first
center portion and the first surface portion are made of
materials having different chemical formulas. Specifically,
in the positive electrode active material precursor, the first
center portion is not doped with the hetero elements, while
the first surface portion is doped with the hetero elements.

To the contrary, in the positive electrode active material
produced by mixing the positive electrode active material
precursor with a lithium compound and sintering the mix-
ture, the Chemical Formulas of the materials of the second
center portion and the second surface portion may be
substantially similar to each other. Specifically, in the posi-
tive electrode active material, a compound constituting a
substantial portion of the positive electrode active material
may have a concentration gradient in at least a portion
thereof, or may have a constant concentration in at least a
portion thereof, or may have a concentration gradient across
an entirety thereof, or may have a bulk state in which the
concentration has an uncontrolled state across an entirety
thereof.

The hetero elements present only in the second surface
portion may be diffused to the second center portion, and the
hetero elements may have a concentration gradient as the
second secondary particle extends from at least a portion of
the second center portion to the second surface portion.
Specifically, the hetero elements doped only in the first
surface portion in the positive electrode active material
precursor may be present in both the second center portion
and the second surface portion in the positive electrode
active material. More specifically, the concentration of each
of'the hetero elements disposed in the second surface portion
in the positive electrode active material may increase as the
second secondary particle extends from the center of the
second secondary particle to the outermost face.

Referring to FIG. 1q, the length in the a-axis direction of
each of the second primary particles 10 may be different
from the length in the c-axis direction thereof, wherein a
length in the a-axis direction of each of the second primary
particles 10 disposed in the second surface portion may be
larger than a length in the a-axis direction of each of the
second primary particles 10 disposed in the second center
portion.

The second primary particles 10 may have rod shapes in
which aspect ratios of the rod shapes of the second primary
particles 10 as a ratio of a length in an a-axis direction
thereof to a length in a c-axis direction thereof increase as
the second primary particle 100 extends from the second
center portion to the second surface portion. The orientation
(orientation of the a-axis direction of the second primary
particles 10 in a direction from the surface of the second
secondary particle toward the center thereof) of the second
primary particles 10 disposed in the second surface portion
may be greater compared to that in the second center
portion, such that lithium ions may easily move from the
outer face of the second secondary particle 100 to the inside
thereof.

In one implementation of the positive electrode active
material, a length in an a-axis direction of each of the second
primary particles 10 is different from a length in a c-axis
direction thereof, wherein the aspect ratios of the second
primary particles 10 as a ratio of a length in an a-axis



US 12,431,495 B2

11

direction thereofto a length in a c-axis direction thereof may
increase as the second primary particle 100 extends from the
second center portion to the second surface portion.

In one implementation of the positive electrode active
material, the positive electrode active material includes a
concentration-constant portion in which a concentration of
each of nickel and M1 is constant, and a concentration-
gradient portion in which a concentration of at least one of
nickel and M1 has a gradient, wherein a concentration of M2
has a gradient along the concentration-constant portion and
the concentration-gradient portion. In one implementation of
the positive electrode active material, an average concen-
tration of M2 in the concentration-gradient portion is higher
than an average concentration of M2 in the concentration-
constant portion.

In one implementation of the positive electrode active
material, the concentration-constant portion belongs to in
the second center portion, wherein the concentration-gradi-
ent portion belongs to the second surface portion, wherein a
concentration of nickel in the concentration-gradient portion
decreases as the concentration-gradient portion extends
from an inner portion of the positive electrode active mate-
rial toward a surface thereof, wherein a concentration of
each of M1 and M2 in the concentration-gradient portion
increases as the concentration-gradient portion extends from
an inner portion of the positive electrode active material
toward a surface thereof, wherein M1 may include cobalt
(Co).

Still another aspect of the present disclosure provides a
positive electrode for a secondary battery including the
positive electrode active material as defined above.

Still another aspect of the present disclosure provides a
lithium secondary battery comprising: a positive electrode
for a secondary battery including the positive electrode
active material as defined above; a negative electrode for a
secondary battery; and an electrolyte.

Still another aspect of the present disclosure provides a
battery module including the lithium secondary battery as
defined above as a unit cell.

Still another aspect of the present disclosure provides a
battery pack including the battery module, wherein the
battery pack is used as a power source for a medium and
large sized apparatus, wherein the medium and large sized
apparatus is selected from a group consisting of an electric
vehicle, a hybrid electric vehicle, a plug-in hybrid electric
vehicle, and a power storage system.

According to still yet another aspect of the present dis-
closure, the present disclosure provides a method for pro-
ducing a positive electrode active material, wherein the
method includes preparing a first metal solution containing
nickel, a second metal solution containing M1, and a third
metal solution containing M2; inputting and first co-precipi-
tating the first metal solution and the second metal solution
into a co-precipitation reactor to produce a pre-precursor;
inputting the first metal solution and the second metal
solution in the co-precipitation reactor in which the pre-
precursor has been produced, and at the same time, further
adding the third metal solution thereto, and thus producing
a positive electrode active material precursor in which a first
surface portion is formed on an outer face of the pre-
precursor; and mixing the positive electrode active material
precursor with a lithium compound and then sintering the
mixture to produce a positive electrode active material.

The pre-precursor includes a first center portion made of
a material represented by the following Chemical Formula
1, the positive electrode active material precursor includes
the first surface portion surrounding the first center portion,
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and made of a material represented by a following Chemical
Formula 2, wherein the positive electrode active material is
represented by a following Chemical Formula 3, wherein a
percentage of a thickness of the first surface portion with
respect to an average radius of the positive electrode active
material precursor is in a range of 2% to 20%.

Ni;_M1,(OH), <Chemical Formula 1>

Ni,,M1,M2,(OH), <Chemical Formula 2>

Li Ni;_, M1,M2.0, ; <Chemical Formula 3>

Where M1 is cobalt (Co), manganese (Mn), aluminum
(Al) or mixtures thereof, M2 is tungsten (W), molybdenum
(Mo), magnesium (Mg), calcium (Ca), titanium (T1), vana-
dium (V), chromium (Cr), iron (Fe), copper (Cu), zinc (Zn),
gallium (Ga), strontium (Sr), yttrium (Y), zirconium (Zr),
niobium (Nb), ruthenium (Ru), fluorine (F), barium (Ba) or
mixtures thereof, 0=<x=<0.2, 0=<y=0.2, 0.005=z=<0.1,
0.8<a<1.1, 0<b=0.2, 0.001=c=<0.05, and 0=d<2.

Hereinafter, Present Examples and Comparative
Examples of the present disclosure are described. However,
the following examples are only preferred examples of the
present disclosure, but the scope of the right of the present
disclosure is not limited to the following examples.

1. Producing Positive Electrode Active Material

Present Example 1 (W0.5-CSG NCM NCW 89)

Each of a nickel sulfate aqueous solution (NiSO,6H,0,
Samchun Chemicals), a manganese sulfate aqueous solution
(MnSO,H,0, Samchun Chemicals), and a cobalt sulfate
aqueous solution (CoSO,7H,0, Samchun Chemicals) was
prepared. Separately, WO, in powder form was added to 4.0
mol/L. of NaOH (aq.) and was dissolved therein at 0.02 M to
produce a doping element solution (an amount of NaOH was
2 mol with respect to a total number of moles of Ni, Co.
Mn).

After putting 10 liters of distilled water into a co-precipi-
tation reactor (capacity 40 L), N, gas was supplied to the
reactor at a rate of 6 liters/minute. The reactor was stirred at
350 rpm while maintaining the temperature thereof at 40
degrees C. The nickel sulfate aqueous solution
(NiSO,6H,0, Samchun Chemicals) and the manganese sul-
fate aqueous solution (MnSO,H,O, Samchun Chemicals)
were mixed with each other in a molar ratio of nickel (Ni)
and manganese (Mn) of 96:4 to produce a first metal solution
with a 2M concentration. The nickel sulfate aqueous solu-
tion (NiSO,6H,0, Samchun Chemicals) and cobalt sulfate
aqueous solution (CoSO,7H,0, Samchun Chemicals) were
mixed with each other at a molar ratio of nickel (Ni) and
cobalt (Co) at 83:17 to produce a second metal solution with
a 2M concentration.

We continuously introduced the produced first metal
solution at 0.561 liters/hour and ammonia solution (NH,OH,
JUNSEI) of 16M concentration at 0.08 liters/hour into the
reactor for 24 hours, respectively to perform a first co-
precipitation reaction. Then, we continuously introduced the
second metal solution at 0.561 liters/hour and the doping
element solution at 0.08 liters/hour, respectively, into the
reactor for 2 hours to perform a second co-precipitation
reaction. The pH in the reactor was identified during the first
and second co-precipitation reaction using the first metal
solution and the second metal solution. The pH in the reactor
was adjusted to be maintained at 11.4 by adding NaOH (aq.)
solution thereto.
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In the co-precipitation reactor, the first and second co-
precipitation reactions were performed. In the course of the
reaction, nanoparticle hydroxide was first formed, and then
nickel-cobalt-manganese-tungsten hydroxide was slowly
accumulated on the surface of the nanoparticle hydroxide,
thereby forming micro-sized particles. Then, the produced
particles were washed several times using distilled water,
and were subjected to filtration using a filter, and were
vacuum dried in a dry oven at 110° C. for 12 hours. Thus,
[Nij 9sMng 04 ]J(OH), (core, average diameter 9 pm)-
[Ni §,C0g 17, W 01 [(OH), (shell) precursor having an aver-
age diameter of 11 um was produced.

The produced precursor was filtered and was washed
several times with distilled water, and was dried in a vacuum
dryer at 110° C. for 12 hours to produce powders. The
precursor in powder form was uniformly mixed with
LiOH-H,O so that a molar ratio of Li:(Ni+Co+Mn+W) was
1.01:1. Then, the mixture was heated at a temperature
increase rate of 2° C./min and was maintained at 450° C. for
5 hours to perform preliminary sintering. Subsequently, the
preliminary sintering result was sintered at 750° C. for 10
hours to obtain Li[Nig g55C0g 0oMng oW 00510, (WO0.5-
CSG NCM NCW 89) positive electrode active material
powder.

Comparative Example 1 (CSG89)

A second metal solution of a 2M concentration was
produced by mixing nickel sulfate aqueous solution
(NiSO,6H,0, Samchun Chemicals) and cobalt sulfate aque-
ous solution (CoSO,7H20, Samchun Chemicals) with each
other at a molar ratio of nickel (Ni) and cobalt (Co) at 82:18.
A subsequent process was performed in the same manner as
in Present Example 1 except for performing the second
co-precipitation reaction using the second metal solution as
produced above. Thus, [Nij,Mn,,J(OH), (core)-
[Ni, ¢,Coy ;5] (OH),(shell) precursor of an average diameter
of 10 um was produced and then Li[Ni, 36C0g o55Mng o551
0,(CSGRY) positive electrode active material powder was
obtained.

An average composition of each of all of elements of the
positive electrode active material according to each of
Present Example 1 and Comparative Example 1 and the
concentration of tungsten in the precursor thereof before the
sintering are shown in Table 1 below A unit is mol %.
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tungsten was not present. In Present Example 1, in the
precursor thereof before the sintering, tungsten was present
at a concentration of 1 mol % only in a portion with a
thickness of 1 um from the outermost face. That is, in
Present Example 1, the average concentration of tungsten in
the precursor thereof before the sintering is 0.5 mol %, but
the average concentration of tungsten in a region from the
outermost face to the inner 1 um position is 1 mol %, and
actually a substantial amount of tungsten is present in a
region from the outermost face to the inner 1 um position.

Present Example 2 (W0.125-shell-NCM90)

A nickel sulfate aqueous solution (NiSO,6H,0, Samchun
Chemicals), a manganese sulfate aqueous solution
(MnSO,H,0, Samchun Chemicals), and a cobalt sulfate
aqueous solution (CoSO,7H,0, Samchun Chemicals) were
prepared, respectively. Separately, WO, in powder form was
added to 4.0 mol/LL of NaOH (aq.) and was dissolved therein
at 0.02 M to produce a doping element solution (an amount
of NaOH was 2 mol with respect to a total number of moles
of Ni, Co. Mn).

10 liters of distilled water was put into the co-precipita-
tion reactor (capacity 47 L, the output power of the rotary
motor greater than 750W), and then N, gas was supplied to
the reactor at a rate of 6 liters/minute. The reactor was stirred
at 350 rpm while maintaining the temperature at 45° C. The
nickel sulfate aqueous solution (NiSO,6H,O, Samchun
Chemicals), cobalt sulfate aqueous solution (CoSO,7H,0,
Samchun Chemicals), and manganese sulfate aqueous solu-
tion (MnSO,H,0, Samchun Chemicals) were mixed with
each other such that the molar ratio of nickel (Ni), cobalt
(Co) and manganese (Mn) became 90:5:5. Thus, a metal
solution with a 2M concentration was produced. We con-
tinuously added the produced metal solution at 0.561 liter/
hour, 16M concentration of ammonia solution (NH,OH,
JUNSEI) at 0.08 L/hour, and 4M concentration of sodium
hydroxide solution (NaOH, Samchun Chemicals) at 0.60
L/hour to the reactor for 24 hours, respectively. The first
co-precipitation reaction was performed. We further added
the doping element solution thereto. Thus, the second co-
precipitation reaction was performed for 0.5 hour. While
maintaining the pH in the co-precipitation reactor in the
range of 10 to 12, the co-precipitation reaction was per-
formed to produce Ni, Co, osMng os(OH),(core, average

TABLE 1
positive electrode active material precursor
Examples Ni Co Mn w w
Present WO0.5-CSG NCM 88.5 9.0 2.0 0.5 1 (present only in
Example 1 NCW 89 a thickness 1 pm
portion from an
outermost face)
Comparative CSGR9 89 55 55 — —

Example 1

Hereinafter, the outermost face thickness means an aver-
age length in a direction from the outermost face of the
secondary particle of the precursor or the positive electrode
active material toward a center thereof.

In Table 1, in both Present Example 1 and Comparative
Example 1, the concentration of each of metal elements in
the core portion of the precursor is constant, and at least one
of the metal elements in the shell portion has a concentration
gradient. As shown in Table 1, in Comparative Example 1,

60

65

diameter 10 pm)-Nig 50, C00 0495MD 0405 Wo.01 (OH), pre-
cursor with an average diameter of 10.4 um.

The produced precursor was filtered and was washed
several times with distilled water, and was dried in a vacuum
dryer at 110° C. for 12 hours to produce powders. The
precursor produced in powder form and lithium hydroxide
(LiOH) were mixed with each other at a molar ratio of
1:1.01, and the mixture was heated at a temperature increase
rate of 2° C./min, and was maintained at 450° C. for 5 hours



US 12,431,495 B2

15

to perform preliminary sintering. Subsequently, the prelimi-
nary sintering result was sintered at 750° C. for 10 hours to
obtain Li[Ni 506C00, 049875MIlo 049875 Wo.00125]02 (W0.125-
shell-NCMD90) positive electrode active material powder.

Present Example 3 (W0.25-shell-NCM90)

A process was performed in the same manner as in Present
Example 2 except for performing the second co-precipita-
tion reaction for 1 hour. Thus, Ni, ;Co, osMn, o5(OH),(core,
average diameter 10 um)-Nig go1C0q 0u0sMg 0405 Wo o1
(OH), precursor of an average diameter of 11 pm was
produced. Then, Li[Nij 59775C00 049575Mllg 040875 Wo.0025]
0O, (W0.25-shell-NCM90) positive electrode active material
powder was produced using the produced precursor.

Present Example 4 (W0.5-shell-NCM90)

A process was performed in the same manner as in Present
Example 2 except for performing the second co-precipita-
tion reaction for 2 hour. Thus, Ni,, Co, osMn, o5 (OH),
(core, average diameter 10 pum)-
Nig 561C00 0405M1g 9105 W o, (OH), precursor with an aver-
age diameter of 12.6 um was produced. Then,
Li[Nij 5055C00,04975Mlg 4975 Wo,005102 (WO0.5-shell-
NCMO90) positive electrode active material powder was
produced using the produced precursor.

Comparative Example 2 (NCM90)

A process was performed in the same manner as in Present
Example 2 except that the second co-precipitation reaction
was not performed. Thus, Ni, ;Co, osMn,, o5(OH), precursor
with an average diameter of 10 pm was produced. Then,
Li[Ni, oCoq osMn, o510, (NCM90) positive  electrode
active material powder was produced using the produced
precursor.

Comparative Example 3 (W0.5-NCM90)

A process was performed in the same manner as in Present
Example 1 except that the second co-precipitation reaction
was not performed and a mixed solution as described below
was used as the metal solution in the process of performing
the first co-precipitation reaction. Thus,
Nig 8955C00 04975M1lg 04975 Wo .005(OH), precursor having an
average diameter of 10 pum was produced. Then,
Li[Nip 5055C00,04975MIlg 04975 Wo. 005102 (W0.5-NCM90)
positive electrode active material powder was produced
using the produced precursor.

As the metal solutions, each of a nickel sulfate aqueous
solution (NiSO,6H,0, Samchun Chemicals), a manganese
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sulfate aqueous solution (MnSO,H,O, Samchun Chemi-
cals), and a cobalt sulfate aqueous solution (CoSO,7H,O,
Samchun Chemicals) was prepared. Separately, WO; in
powder form was added to 4.0 mol/LL of NaOH (aq.) and was
dissolved therein at 0.02 M to produce a doping element
solution (an amount of NaOH was 2 mol with respect to a
total number of moles of Ni, Co. Mn). The nickel sulfate
aqueous solution (NiSO,6H,0, Samchun Chemicals), man-
ganese sulfate aqueous solution (MnSO,H,O, Samchun
Chemicals), cobalt sulfate aqueous solution (CoSO,7H,O,
Samchun Chemicals) and the doping element solution were
mixed with each other such that the molar ratio of nickel
(N1), cobalt (Co), manganese (Mn) and tungsten (W) was
90:4.525:4.525:0.05. Thus, a metal solution having a 2M
concentration was produced.

Comparative Example 4 (W1.0-NCM90)

A process was performed in the same manner as in Present
Example 1 except that the second co-precipitation reaction
was not performed and a mixed solution as described below
was used as the metal solution in the process of performing
the first co-precipitation reaction. Thus,
Nig 59, C00 0495Mlg 0495 Wo 0, (OH),  precursor having  an
average diameter of 10 pum was produced. Then,
Li[Nig g9, C00 0495sMng 0495Wo,0110, (W1.0-NCM90) posi-
tive electrode active material powder was produced using
the produced precursor.

As the metal solutions, each of a nickel sulfate aqueous
solution (NiSO,6H,0, Samchun Chemicals), a manganese
sulfate aqueous solution (MnSO,H,O, Samchun Chemi-
cals), and a cobalt sulfate aqueous solution (CoSO,7H,0,
Samchun Chemicals) was prepared. Separately, WO; in
powder form was added to 4.0 mol/LL of NaOH (aq.) and was
dissolved therein at 0.02 M to produce a doping element
solution (an amount of NaOH was 2 mol with respect to a
total number of moles of Ni, Co. Mn). The nickel sulfate
aqueous solution (NiSO,6H,0, Samchun Chemicals), man-
ganese sulfate aqueous solution (MnSO,H,O, Samchun
Chemicals), cobalt sulfate aqueous solution (CoSOd7H,O,
Samchun Chemicals) and the doping element solution were
mixed with each other such that the molar ratio of nickel
(N1), cobalt (Co), manganese (Mn) and tungsten (W) was
90:4.55:4.55:0.1. Thus, a metal solution having a 2M con-
centration was produced.

An average composition of each of all of elements of the
positive electrode active material according to each of
Present Example 2 to Present Example 4 and Comparative
Example 2 to Comparative Example 4 and the concentration
of tungsten in the precursor thereof before the sintering are
shown in Table 2 below. The unit is mol %.

TABLE 2
positive electrode active material precursor
Examples Ni Co Mn w w
Present WO0.125-shell- 89.9 4.9875 4.9875 0.125 1 (present only in a
Example 2 NCM90 thickness 0.25 pum
portion from an
outermost face)
Present WO0.25-shell- 89.775  4.9875 4.9875 0.25 1 (present only in a
Example 3~ NCM90 thickness 0.5 pm
portion from an
outermost face)
Present WO0.5-shell- 89.55 4.975% 4.975 0.5 1 (present only in a
Example 4 NCM90 thickness 1 pm

portion from an
outermost face)
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TABLE 2-continued
positive electrode active material precursor

Examples Ni Co Mn w w
Comparative NCM90 90 5 5 — —
Example 2
Comparative W0.5-NCM90 89.55 4.975 4.975 0.5 0.5
Example 3
Comparative W1.0-NCM90 89.1 4.95 4.95 1.0 1
Example 4

As shown in Table 2, tungsten was not present in Com-
parative Example 2, and in Comparative Examples 3 and 4,
0.5 mol % and 1 mol % of tungsten were uniformly present
in the precursor step, respectively. In Present Example 2 to
Present Example 4, the precursor was present at a concen-
tration of 1 mol % only in portions of the thickness 0.25 um,
0.5 um, and 1 um, respectively, from the outermost face.
That is, in Present Example 2, Present Example 3 and
Present Example 4, the average concentrations of tungsten
in the precursor thereof before the sintering were 0.125 mol
%, 0.25 mol %, and 0.5 mol %, respectively, while the
average concentration of tungsten in the inner 1 pm portion
from the outermost face was 1 mol %. Thus, it may be
identified that actually, a substantial amount of tungsten was
present only in the inner 1 pm portion from the outermost
face.

Present Example 5 (W0.05-shell-NCM900703)

Each of a nickel sulfate aqueous solution (NiSO,6H,0,
Samchun Chemicals), a manganese sulfate aqueous solution
(MnSO,H,0, Samchun Chemicals), and a cobalt sulfate
aqueous solution (CoSO,7H,0, Samchun Chemicals) was
prepared. Separately, WO; in powder form was added to 4.0
mol/L. of NaOH (aq.) and was dissolved therein at 0.02 M to
produce a doping element solution (an amount of NaOH was
2 mol with respect to a total number of moles of Ni, Co.
Mn).
10 liters of distilled water was put into the co-precipita-
tion reactor (capacity 47 L, the output power of the rotary
motor greater than 750W), and then N, gas was supplied to
the reactor at a rate of 6 liters/minute. The reactor was stirred
at 350 rpm while maintaining the temperature at 45° C. The
nickel sulfate aqueous solution (NiSO,6H,O, Samchun
Chemicals), cobalt sulfate aqueous solution (CoSO,7H,0,
Samchun Chemicals), and manganese sulfate aqueous solu-
tion (MnSO,H,0, Samchun Chemicals) were mixed with
each other such that the molar ratio of nickel (Ni), cobalt
(Co) and manganese (Mn) became 90:7:3. Thus, a metal
solution with a 2M concentration was produced. We con-
tinuously added the produced metal solution at 0.561 liter/
hour, 16M concentration of ammonia solution (NH,OH,
JUNSEI) at 0.08 L/hour, and 4M concentration of sodium
hydroxide solution (NaOH, Samchun Chemicals) at 0.60
L/hour to the reactor for 24 hours, respectively. The first
co-precipitation reaction was performed. We further added
the doping element solution thereto. Thus, the second co-
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precipitation reaction was performed for 12 minutes. While
maintaining the pH in the co-precipitation reactor in the
range of 10 to 12, the co-precipitation reaction was per-
formed to produce Ni, Co, o,Mn, o5(OH),(core, average
diameter 10 pm)-Nij g9,C0 6693Mng 0297 Wo,01(OH), pre-
cursor with an average diameter of 10.2 um.

The produced precursor was filtered and was washed
several times with distilled water, and was dried in a vacuum
dryer at 110° C. for 12 hours to produce powders. The
precursor produced in powder form and lithium hydroxide
(LiOH) were mixed with each other at a molar ratio of
1:1.01, and the mixture was heated at a temperature increase
rate of 2° C./min, and was maintained at 450° C. for 5 hours
to perform preliminary sintering. Subsequently, the prelimi-
nary sintering result was sintered at 750° C. for 10 hours to
obtain Li[Nj 50055C00 069965MIo 029985 Wo.0005102 (WO.05-
shell-NCM900703) positive electrode active material pow-
der.

Present Example 6 (W0.11-shell-NCM900703)

A process was performed in the same manner as in Present
Example 5 except that the second co-precipitation reaction
was performed for 26.4 minutes. Thus, Ni, ;Co, o,Mng o5
(OH),(core, average diameter 10 pm)-
Nig 561 C00.0603M1g 0267 W o, (OH), precursor with an aver-
age diameter of 104 um was produced. Then,
Li[Nip 89901C00.069923MDg 029967 Wo.001:1]02  (WO.11-shell-
NCMO90) positive electrode active material powder was
produced using the produced precursor.

Comparative Example 5 (NCM 900703)

A process was performed in the same manner as in Present
Example 5 except that the second co-precipitation reaction
was not performed. Thus, Ni, ;Co, o,Mn,, o;(OH), precursor
with an average diameter of 10 pm was produced. Then,
Li[Nig 5C0q o7 Mg o510, (NCM 900703) positive electrode
active material powder was produced using the produced
precursor.

An average composition of each of all of elements of the
positive electrode active material according to each of
Present Example 5, Present Example 6, and Comparative
Example 5, and the concentration of tungsten in the precur-
sor thereof before the sintering are shown in Table 3 below.
The unit is mol %.

TABLE 3
positive electrode active material precursor
Examples Ni Co Mn W W
Present WO0.05-shell- 89.955 6.9965 2.9985 0.05 1 (present only in
Example 5 NCM900703 a thickness 0.1 pm

portion from an
outermost face)
1 (present only in a
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TABLE 3-continued
positive electrode active material precursor
Examples Ni Co Mn W W
Present WO0.11-shell- 89.901 6.9923 2.9967 0.11  thickness 0.2 pm
Example 6  NCM900703 portion from an

outermost face)

Comparative NCM 900703 90 7 3

Example 5

As shown in Table 3, Comparative Example 5 was free of
tungsten in both the precursor and the positive electrode
active material. In Present Example 5 and Present Example
6, the precursor was present at a concentration of 1 mol %
in only the thickness of 0.1 pum and 0.2 pum portions,
respectively, from the outermost face. That is, in Present
Example 5 and Present Example 6, the average concentra-
tions of tungsten in the precursor thereof before the sintering
were 0.05 mol % and 0.11 mol %, respectively, and the
average concentration of tungsten in the inner 1 pm portion
from the outermost face was 1 mol %. Thus, it may be
identified that actually, a substantial amount of tungsten was
present only in the inner 1 pm portion from the outermost
face.

Present Example 7 (W0.125-shell-NCMS811)

Each of a nickel sulfate aqueous solution (NiSO,6H,0,
Samchun Chemicals), a manganese sulfate aqueous solution
(MnSO,H,0, Samchun Chemicals), and a cobalt sulfate
aqueous solution (CoSO,7H,0, Samchun Chemicals) was
prepared. Separately, WO; in powder form was added to 4.0
mol/L. of NaOH (aq.) and was dissolved therein at 0.02 M to
produce a doping element solution (an amount of NaOH was
2 mol with respect to a total number of moles of Ni, Co.
Mn).

10 liters of distilled water was put into the co-precipita-
tion reactor (capacity 47 L, the output power of the rotary
motor greater than 750W), and then N, gas was supplied to
the reactor at a rate of 6 liters/minute. The reactor was stirred
at 350 rpm while maintaining the temperature at 45° C. The
nickel sulfate aqueous solution (NiSO,6H,O, Samchun
Chemicals), cobalt sulfate aqueous solution (CoSO,7H,0,
Samchun Chemicals), and manganese sulfate aqueous solu-
tion MnSO,H,0O, Samchun Chemicals) were mixed with
each other such that the molar ratio of nickel (Ni), cobalt
(Co) and manganese (Mn) became 80:10:10. Thus, a metal
solution with a 2M concentration was produced. We con-
tinuously added the produced metal solution at 0.561 liter/
hour, 16M concentration of ammonia solution (NH,OH,
JUNSEI) at 0.08 L/hour, and 4M concentration of sodium
hydroxide solution (NaOH, Samchun Chemicals) at 0.60
L/hour to the reactor for 24 hours, respectively. The first
co-precipitation reaction was performed. We further added
the doping element solution thereto. Thus, the second co-
precipitation reaction was performed for 12 minutes. While
maintaining the pH in the co-precipitation reactor in the
range of 10 to 12, the co-precipitation reaction was per-
formed to produce Nij, Co,;Mn,;(OH), (core, average
diameter 10 um)-Nij 56,C0g 056M1 000 W, o, (OH), precur-
sor with an average diameter of 10.4 pm.

The produced precursor was filtered and was washed
several times with distilled water, and was dried in a vacuum
dryer at 110° C. for 12 hours to produce powders. The
precursor produced in powder form and lithium hydroxide
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(LiOH) were mixed with each other at a molar ratio of
1:1.01, and the mixture was heated at a temperature increase
rate of 2° C./min, and was maintained at 450° C. for 5 hours
to perform preliminary sintering. Subsequently, the prelimi-
nary sintering result was sintered at 750° C. for 10 hours to
obtain Li[Ng 769C00 099875Mg 099575 Wo.00125102 (W0.125-
shell-NCMS811) positive electrode active material powder.

Present Example 8 (W0.25-shell-NCM811)

A process was performed in the same manner as in Present
Example 7 except for performing the second co-precipita-
tion reaction for 1 hour. Thus, Ni, ;Co, ;Mn, ,(OH),(core,
average diameter 10 pm)-Nig 56,C0q go6MnNg 666 W o1 (OH),
precursor with an average diameter of 11 um was produced.
Then,  Li[Nij 705C0g 0997sMng 09075 W 0002510, (W0.25-
shell-NCMS811) positive electrode active material powder
was produced using the produced precursor.

Present Example 9 (W0.35-shell-NCM811)

A process was performed in the same manner as in Present
Example 7 except for performing the second co-precipita-
tion reaction for 1 hour and 24 minutes. Thus,
Ni, Coq o, Mn, ;(OH),(core, average diameter 10 pm)-
Nig 565C00 00oMn 096 W o1 (OH), precursor with an average
diameter of 11.6 um was produced. Then,
Li[No 7975C00 09965M1g, 09965 Wo.0035102 (W0.35-shell-
NCMBS811) positive electrode active material powder was
produced using the produced precursor.

Comparative Example 6 (NCM811)

A process was performed in the same manner as in Present
Example 7 except that the second co-precipitation reaction
was not performed. Thus, Ni, ;Co, ;Mn, ;(OH), precursor
with an average diameter of 10 pm was produced. Then,
Li[Ni, 5,Coq ;Mn,, ;]O, (NCMS811) positive electrode active
material powder was produced using the produced precur-
sor.

Comparative Example 7 (W0.75-NCM811)

A process was performed in the same manner as in Present
Example 7 except that only the first co-precipitation reaction
was performed without performing the second co-precipi-
tation reaction, and the mixed solution as described below
was used as the metal solution in the first co-precipitation
reaction. Thus, Nig 704C00 59925M1y 59925 Wo.0075(OH), pre-
cursor with an average diameter of 10 pm was produced.
Then,  Li[N 704C00.09925MDp 09925 Wo.0075102  (WO.75-
NCMBS811) positive electrode active material powder was
produced using the produced precursor.

As the metal solutions, each of a nickel sulfate aqueous
solution (NiSO,6H,0, Samchun Chemicals), a manganese
sulfate aqueous solution (MnSO,H,O, Samchun Chemi-
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cals), and a cobalt sulfate aqueous solution (CoSO,7H,0,
Samchun Chemicals) was prepared. Separately, WO, in
powder form was added to 4.0 mol/L. of NaOH (aq.) and was
dissolved therein at 0.02 M to produce a doping element
solution (an amount of NaOH was 2 mol with respect to a
total number of moles of Ni, Co. Mn). The nickel sulfate
aqueous solution (NiSO,6H,0, Samchun Chemicals), man-
ganese sulfate aqueous solution (MnSO,H,O, Samchun
Chemicals), cobalt sulfate aqueous solution (CoSO,7H,O,
Samchun Chemicals) and the doping element solution were
mixed with each other such that the molar ratio of nickel
(Ni), cobalt (Co), manganese (Mn) and tungsten (W) was
80:9.9625:9.9625:0.075. Thus, a metal solution having a 2M
concentration was produced.

An average composition of each of all of elements of the
positive electrode active material according to each of
Present Example 7 to Present Example 9, Comparative
Example 6, and Comparative Example 7 and the concentra-
tion of tungsten in the precursor thereof before the sintering
are shown in Table 4 below. The unit is mol %.
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at 0.02 M to produce a doping element solution (an amount
of NaOH was 2 mol with respect to a total number of moles
of Ni, Co. Mn).

10 liters of distilled water was put into the co-precipita-
tion reactor (capacity 40 L), and then N, gas was supplied to
the reactor at a rate of 6 liters/minute. The reactor was stirred
at 350 rpm while maintaining the temperature of the reactor
at 40° C. The first metal solution with a 2M concentration
composed only of the nickel sulfate aqueous solution
(NiSO46H,0, Samchun Chemicals) was produced. The
nickel sulfate aqueous solution (NiSO,6H,O, Samchun
Chemicals), cobalt sulfate aqueous solution (CoSO,7H,0,
Samchun Chemicals), and manganese sulfate aqueous solu-
tion (MnSO,H,0O, Samchun Chemicals) were mixed with
each other such that the molar ratio of nickel (Ni), cobalt
(Co) and manganese (Mn) became 80:10:10. Thus, the
second metal solution with a 2M concentration was pro-
duced.

We continuously introduced the produced first metal
solution at 0.561 liters/hour and ammonia solution (NH,OH,

TABLE 4
positive electrode active material precursor
Examples Ni Co Mn w w
Present WO0.125-shell- 79.9 9.9875 9.9875 0.125 1 (present only in a
Example 7 NCMg811 thickness 0.25 pum
portion from an
outermost face)
Present WO0.25-shell- 79.8 9.975 9.975 0.25 1 (present only in
Example 8 NCMg11 a thickness 0.5 pm
portion from an
outermost face)
Present WO0.35-shell- 79.72 9.965 9.965 0.35 1 (present only in
Example 9 NCMg811 a thickness 0.7 pm
portion from an
outermost face)
Comparative NCM&11 80 10 10 — —
Example 6
Comparative WO0.75- 79.4 9.925 9.925 0.75 0.75
Example 7 NCMg811

As shown in Table 4, in Comparative Example 6, tungsten
was not present in both the precursor and the positive
electrode active material. In Comparative Example 6, tung-
sten was present in a uniform concentration in both the
precursor and the positive electrode active material. In
Present Example 7 to Present Example 9, the precursor was
present at a concentration of 1 mol % only in the thickness
0t 0.25 um, 0.5 um, and 0.7 pm portions, respectively, from
the outermost face. That is, in Present Example 7, Present
Example 8, and Present Example 9, the average concentra-
tions of tungsten in the precursor thereof before the sintering
were 0.125 mol %, 0.25 mol %, and 0.35 mol %, respec-
tively, while the average concentration of tungsten in the
inner 1 pm portion from the outermost face was 1 mol %.
Thus, it may be identified that actually, a substantial amount
of tungsten was present only in the inner 1 um portion from
the outermost face.

Present Example 10 (W0.5-shell-CSG)

A nickel sulfate aqueous solution (NiSO,6H,0, Samchun
Chemicals), a manganese sulfate aqueous solution
(MnSO,H,0, Samchun Chemicals), and a cobalt sulfate
aqueous solution (CoSO,7H,0, Samchun Chemicals) were
prepared, respectively. Separately, WO, in powder form was
added to 4.0 mol/LL of NaOH (aq.) and was dissolved therein
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JUNSEI) of 16M concentration at 0.08 liters/hour into the
reactor for 24 hours, respectively to perform a first co-
precipitation reaction. Then, we continuously introduced the
second metal solution at 0.561 liters/hour and the doping
element solution at 0.08 liters/hour, respectively, into the
reactor for 2 hours to perform a second co-precipitation
reaction. The pH in the reactor was identified during the first
and second co-precipitation reaction using the first metal
solution and the second metal solution. The pH in the reactor
was adjusted to be maintained at 11.4 by adding NaOH (aq.)
solution thereto.

In the co-precipitation reactor, the first and second co-
precipitation reactions were performed. In the course of the
reaction, nanoparticle hydroxide was first formed, and then
nickel-cobalt-manganese-tungsten hydroxide was slowly
accumulated on the surface of the nanoparticle hydroxide,
thereby forming micro-sized particles. Then, the produced
particles were washed several times using distilled water,
and were subjected to filtration using a filter, and were
vacuum dried in a dry oven at 110° C. for 12 hours. Thus,
Ni(OH),(core, average diameter 9  pum)-[Nij -9,
C0g 000 W 00l (OH), (shell) precursor having an average
diameter of 11 pm was produced.

The produced precursor was filtered and was washed
several times with distilled water, and was dried in a vacuum
dryer at 110° C. for 12 hours to produce powders. The
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precursor in powder form was uniformly mixed with
LiOH-H,O so that a molar ratio of Li:(Ni+Co+Mn+W) was
1.01:1. Then, the mixture was heated at a temperature
increase rate of 2° C./min and was maintained at 450° C. for
5 hours to perform preliminary sintering. Subsequently, the
preliminary sintering result was sintered at 730° C. for 10
hours to obtain Li[Nig 3o55C00 0497sMng 04975 Wo 005102
(W0.5-shell-CSG) positive electrode active material pow-
der.

Comparative Example 8 (W0.5-Core Portion-CSG)

A nickel sulfate aqueous solution (NiSO,6H,0, Samchun
Chemicals), a manganese sulfate aqueous solution
(MnSO,H,0, Samchun Chemicals), and a cobalt sulfate
aqueous solution (CoSO,7H,0O, Samchun Chemicals) were
prepared, respectively. Separately, WO, in powder form was
added to 4.0 mol/LL of NaOH (aq.) and was dissolved therein
at 0.02 M to produce a doping element solution (an amount
of NaOH was 2 mol with respect to a total number of moles
of Ni, Co. Mn).

10 liters of distilled water was put into the co-precipita-
tion reactor (capacity 40 L), and then N, gas was supplied to
the reactor at a rate of 6 liters/minute. The reactor was stirred
at 350 rpm while maintaining the temperature of the reactor
at 40° C. The first metal solution with a 2M concentration
composed only of the nickel sulfate aqueous solution
(NiSO,6H,0, Samchun Chemicals) was produced. The
nickel sulfate aqueous solution (NiSO,6H,O, Samchun
Chemicals), cobalt sulfate aqueous solution (CoSO,7H,O,
Samchun Chemicals), and manganese sulfate aqueous solu-
tion (MnSO,H,0, Samchun Chemicals) were mixed with
each other such that the molar ratio of nickel (Ni), cobalt
(Co) and manganese (Mn) became 80:10:10. Thus, the
second metal solution with a 2M concentration was pro-
duced.

We continuously introduced the produced first metal
solution at 0.561 liters/hour and the doping element solution
at 0.08 liters/hour into the reactor for 24 hours, respectively
to perform a first co-precipitation reaction. At this time, the
molar ratio of nickel and tungsten was set to 99:1. Then, we
continuously introduced the second metal solution at 0.561
liters/hour and the ammonia solution (NH,OH, JUNSEI) of
16M concentration at 0.08 liters/hour, respectively, into the
reactor for 2 hours to perform a second co-precipitation
reaction. The pH in the reactor was identified during the first
and second co-precipitation reaction using the first metal
solution and the second metal solution. The pH in the reactor
was adjusted to be maintained at 11.4 by adding NaOH (aq.)
solution thereto.

In the co-precipitation reactor, the first and second co-
precipitation reactions were performed. In the course of the
reaction, nanoparticle hydroxide was first formed, and then
nickel-cobalt-manganese-tungsten hydroxide was slowly
accumulated on the surface of the nanoparticle hydroxide,
thereby forming micro-sized particles. Then, the produced
particles were washed several times using distilled water,
and were subjected to filtration using a filter, and were
vacuum dried in a dry oven at 110° C. for 12 hours. Thus,
[Ni 9o Wo o1 [(OH),(core, average diameter 9 pm)-
[Ni, ¢Co, ;Mn, ;](OH), (shell) precursor having an average
diameter of 11 pm was produced.

The produced precursor was filtered and was washed
several times with distilled water, and was dried in a vacuum
dryer at 110° C. for 12 hours to produce powders. The
precursor in powder form was uniformly mixed with
LiOH-H,O so that a molar ratio of Li:(Ni+Co+Mn+W) was
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1.01:1. Then, the mixture was heated at a temperature
increase rate of 2° C./min and was maintained at 450° C. for
5 hours to perform preliminary sintering. Subsequently, the
preliminary sintering result was sintered at 730° C. for 10
hours to obtain Li[Ni, 3955C00 0497sMng 04975 W 00510,
(W0.5-core-CSG) positive electrode active material powder.

Comparative Example 9 (W0.5-CSG90)

A nickel sulfate aqueous solution (NiSO,6H,0O, Samchun
Chemicals), a manganese sulfate aqueous solution
(MnSO,H,0, Samchun Chemicals), and a cobalt sulfate
aqueous solution (CoSO,7H,0, Samchun Chemicals) were
prepared, respectively. Separately, WO, in powder form was
added to 4.0 mol/LL of NaOH (aq.) and was dissolved therein
at 0.02 M to produce a doping element solution (an amount
of NaOH was 2 mol with respect to a total number of moles
of Ni, Co. Mn).

10 liters of distilled water was put into the co-precipita-
tion reactor (capacity 40 L), and then N, gas was supplied to
the reactor at a rate of 6 liters/minute. The reactor was stirred
at 350 rpm while maintaining the temperature of the reactor
at 40° C. The first metal solution with a 2M concentration
composed only of the nickel sulfate aqueous solution
(NiSO,6H,0, Samchun Chemicals) was produced. The
nickel sulfate aqueous solution (NiSO,6H,O, Samchun
Chemicals), cobalt sulfate aqueous solution (CoSO,7H,O,
Samchun Chemicals), and manganese sulfate aqueous solu-
tion (MnSO,H,0O, Samchun Chemicals) were mixed with
each other such that the molar ratio of nickel (Ni), cobalt
(Co) and manganese (Mn) became 0.792:0.099:0.099. Thus,
the second metal solution with a 2M concentration was
produced.

We continuously introduced the produced first metal
solution at 0.561 liters/hour and the doping element solution
at 0.08 liters/hour into the reactor for 24 hours, respectively
to perform a first co-precipitation reaction. Then, we con-
tinuously introduced the second metal solution at 0.561
liters/hour and the doping element solution at 0.08 liters/
hour, respectively, into the reactor for 2 hours to perform a
second co-precipitation reaction. The pH in the reactor was
identified during the first and second co-precipitation reac-
tion using the first metal solution and the second metal
solution. The pH in the reactor was adjusted to be main-
tained at 11.4 by adding NaOH (aq.) solution thereto.

In the co-precipitation reactor, the first and second co-
precipitation reactions were performed. In the course of the
reaction, nanoparticle hydroxide was first formed, and then
nickel-cobalt-manganese-tungsten hydroxide was slowly
accumulated on the surface of the nanoparticle hydroxide,
thereby forming micro-sized particles. Then, the produced
particles were washed several times using distilled water,
and were subjected to filtration using a filter, and were
vacuum dried in a dry oven at 110° C. for 12 hours. Thus,
[Nig oWy o J(OH),(core, average diameter 9 pm)-
[Nig 75,C0g 066MNg 556 Wy o1 1(OH), (shell) precursor having
an average diameter of 11 um was produced.

The produced precursor was filtered and was washed
several times with distilled water, and was dried in a vacuum
dryer at 110° C. for 12 hours to produce powders. The
precursor in powder form was uniformly mixed with
LiOH-H,O so that a molar ratio of Li:(Ni+Co+Mn+W) was
1.01:1. Then, the mixture was heated at a temperature
increase rate of 2° C./min and was maintained at 450° C. for
5 hours to perform preliminary sintering. Subsequently, the
preliminary sintering result was sintered at 730° C. for 10
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hours to obtain Li[Nij, 5955C00.04975Mll 04975 Wo.005102
(W0.5-CSG90) positive electrode active material powder.

An average composition of each of all of elements of the
positive electrode active material according to each of
Present Example 10, Comparative Example 8, and Com-
parative Example 9, and the concentration of tungsten in the
precursor thereof before the sintering are shown in a fol-
lowing Table 5. The unit is mol %.
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Chemicals) and the cobalt sulfate aqueous solution
(CoSO,7H,0, Samchun Chemicals) were mixed with each
other such that the molar ratio of nickel (Ni) and cobalt (Co)
was 90:10 to produce a metal solution with a 2M concen-
tration. The produced metal solution, 16M concentration of
ammonia solution (NH,OH, JUNSEI), and 4M concentra-
tion of sodium hydroxide solution (NaOH, Samchun Chemi-
cals) were continuously added to the reactor at 0.561 liter/

TABLE 5
positive electrode active material precursor
Examples Ni Co Mn w w
Present WO0.5-shell- 89.55 4.975 4.975 0.5 1 (present only in
Example 10 CSG a thickness 1 pm
portion from an
outermost face)
Comparative WO0.5-central ~ 89.55 4.975 4.975 0.5 1 (present only in
Example 8  portion-CSG an inner radius
4.5 pum portion)
Comparative W0.5-CSG90  89.55 4.975 4.975 0.5 0.5

Example 9

As shown in Table 5, in each of Comparative Example 8,
Comparative Example 9, and Present Example 10, a con-
centration of the metal element in the core portion of the
precursor is constant, and a concentration of at least one of
the metal elements in the shell portion has a concentration
gradient. In Comparative Example 8, tungsten was present
in a uniform concentration in the core (average radius of 1
um) of the precursor. In Present Example 10, tungsten was
present at a concentration of 1 mol % only in the 1 pm
thickness portion from the outermost face of the precursor.
In Comparative Example 9, tungsten was uniformly present
throughout the precursor. That is, in Present Example 10, the
average concentration of tungsten in the precursor thereof
before the sintering is 0.5 mol %, while the average con-
centration of tungsten in the inner 1 um portion from the
outermost face is 1 mol %, and actually, a substantial amount
of tungsten was present only in the inner 1 um portion from
the outermost face. Further, unlike Present Example 10, in
Comparative Example 8, the average concentration of tung-
sten in the precursor thereof before the sintering is 0.5 mol
%, while actually, a substantial amount of tungsten was
present only in only in a portion of an inner radius of 4.5 pm
of the precursor. In Comparative Example 9, it may be
identified that the average concentration of tungsten was 0.5
mol % and uniform throughout each of the precursor and the
positive electrode active material as the sintered product.

Present Example 11 (Mol-Shell-NC90)

A nickel sulfate aqueous solution (NiSO,6H,0, Samchun
Chemicals), a manganese sulfate aqueous solution
(MnSO,H,0, Samchun Chemicals), and a cobalt sulfate
aqueous solution (CoSO,7H,0O, Samchun Chemicals) were
prepared, respectively. Separately, WO, in powder form was
added to 4.0 mol/LL of NaOH (aq.) and was dissolved therein
at 0.02 M to produce a doping element solution (an amount
of NaOH was 2 mol with respect to a total number of moles
of Ni, Co. Mn).

10 liters of distilled water was put into the co-precipita-
tion reactor (capacity 47 L, the output power of the rotary
motor greater than 750W), and then N, gas was supplied to
the reactor at a rate of 6 liters/minute. The reactor was stirred
at 350 rpm while maintaining the temperature at 45° C. The
nickel sulfate aqueous solution (NiSO,6H,O, Samchun
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hour, at 0.08 L/hour, and at 0.60 L/hour for 24 hours,
respectively. Thus, the first co-precipitation reaction was
performed. The doping element solution was further added
thereto. Thus, the second co-precipitation reaction was per-
formed for 0.1 hour. While maintaining the pH in the
co-precipitation reactor in the range of 10 to 12, the co-
precipitation reaction was performed to produce Ni, ;Cog
(OH),(core, average diameter 10 pm)-Ni, 4,Co, oMoy |
(OH), precursor with an average diameter of 10.4 um.

The produced precursor was filtered and was washed
several times with distilled water, and was dried in a vacuum
dryer at 110° C. for 12 hours to produce powders. The
precursor produced in powder form and lithium hydroxide
(LiOH) were mixed with each other at a molar ratio of
1:1.01, and the mixture was heated at a temperature increase
rate of 2° C./min, and was maintained at 450° C. for 5 hours
to perform preliminary sintering. Subsequently, the prelimi-
nary sintering result was sintered at 750° C. for 10 hours to
obtain Li[Ni, g, Cog 0oM0g ;105 (Mol-shell-NC90) positive
electrode active material powder.

Comparative Example 10 (NCA89)

10 liters of distilled water was put into the co-precipita-
tion reactor (capacity 47 L, the output power of the rotary
motor greater than 750W), and then N, gas was supplied to
the reactor at a rate of 6 liters/minute. The reactor was stirred
at 350 rpm while maintaining the temperature at 45° C. The
nickel sulfate aqueous solution (NiSO,6H,O, Samchun
Chemicals) and the cobalt sulfate aqueous solution
(CoSO,7H,0, Samchun Chemicals) were mixed with each
other such that the molar ratio of nickel (Ni) and cobalt (Co)
was 9:1 to produce a metal solution with a 2M concentra-
tion. The produced metal solution, 16M concentration of
ammonia solution (NH,OH, JUNSEI), and 4M concentra-
tion of sodium hydroxide solution (NaOH, Samchun Chemi-
cals) were continuously added to the reactor at 0.08 liter/
hour, at 0.11 L/hour, and at 0.60 L/hour for 24 hours,
respectively. While maintaining the pH in the co-precipita-
tion reactor in the range of 10 to 12, the co-precipitation
reaction was performed to produce Ni, ,Co, ;(OH), precur-
sor with an average diameter of 10 um.

The produced precursor was filtered and was washed
several times with distilled water, and was dried in a vacuum
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dryer at 110° C. for 12 hours to produce powders. We
prepared aluminum hydroxide (Al(OH),) having the aver-
age particle size of 2 pm or smaller using a ball mill. The
precursor produced in powder form, aluminum hydroxide
(Al(OH),) and lithium hydroxide (LiOH) were mixed with
each other in a molar ratio of 0.9995:0.00025:1.01, and the
mixture was heated at a temperature increase rate of 2°
C./min, and was maintained at 450° C. for 5 hours to
perform preliminary sintering. Subsequently, the prelimi-
nary sintering result was sintered at 730° C. for 10 hours to
obtain Li[Nij g5,C0q gee0Aly 0110, (NCA89) positive elec-
trode active material powder.

Comparative Example 11 (Mol-NC90)

A process was performed in the same manner as in Present
Example 10 except that the second co-precipitation reaction
was not performed and a mixed solution as described below
was used as the metal solution in the process of performing
the first co-precipitation reaction. Thus, Ni, ¢, Cog ;6Mo0g o1
(OH), precursor with an average diameter of 10 um was
produced. Then, Li[Ni,g,Coqoe Moy (OH),]0, (Mol-
NC90) positive electrode active material powder was pro-
duced.

A nickel sulfate aqueous solution (NiSO,6H,0, Samchun
Chemicals), a manganese sulfate aqueous solution
(MnSO,H,0, Samchun Chemicals), and a cobalt sulfate
aqueous solution (CoSO,7H,0, Samchun Chemicals) were
prepared, respectively. Separately, molybdenum trioxide
(MoO;) in powder form was added to 4.0 mol/L of NaOH
(aq.) and was dissolved therein at 0.02 M (10% Mo solution)
to produce a doping element solution (an amount of NaOH
was 2 mol with respect to a total number of moles of Ni, Co.
Mn). We inputted continuously introduced the produced
metal solution at 0.561 liters/hour, ammonia solution
(NH,OH, JUNSEI) with 16M concentration at 0.08 liters/
hour, and the doping element solution at 0.60 liters/hour into
the reactor for 24 hours, respectively. Co-precipitation reac-
tion was carried out.

An average composition of each of all of elements of the
positive electrode active material according to each of
Present Example 11, Comparative Example 10, and Com-
parative Example 11, and the concentration of molybdenum
in the precursor thereof before the sintering are shown in
Table 6 below. The unit is mol %.
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was 1 mol %, while the average concentration of molybde-
num in the inner 0.2 pm portion from the outermost face was
10 mol %. Thus, it may be identified that actually, a
substantial amount of molybdenum was present only in the
inner 0.2 pm portion from the outermost face.

2. Half-Cell and Full-Cell Production Using Present
Examples and Comparative Examples

A half-cell and a full-cell were produced using each of the
above-described Present Examples and Comparative
Examples as the positive electrode active material.

In order to produce the half-cell and the full-cell, the
positive electrode active material in powder form (based on
1 g) as produced according to each of Present Examples and
Comparative Examples, poly(vinylidene fluoride), and car-
bon black were added to 0.4 g of N-methyl pyrrolidone in a
weight ratio of 90:4.5:5.5. The mixture was uniformly
mixed. Thus, a positive electrode slurry is produced. The
produced positive electrode slurry was coated on an alumi-
num foil. A roll press was applied thereto. Then, vacuum
drying was performed on the roll pressing product to pro-
duce a positive electrode.

When producing a half cell using the produced positive
electrode active material, the produced positive electrode as
a slurry was coated on the aluminum foil so that a loading
level of the positive electrode active material was 5 mg/cm®.
Thus, the positive electrode was produced. In this connec-
tion, the loading level of the positive electrode active
material being 5 mg/cm® may mean that when the aluminum
foil coated with the electrode active material is sampled into
a square of 1 cm?, a weight of only the positive electrode
active material in the components of the positive electrode
is 5 mg). Then, electrolyte was produced as follows: ethyl-
ene carbonate, and ethyl methyl carbonate (EC:EMC=3:7
v/v) were used as a solvent; vinylene carbonate (VC) as an
additive of 2 wt % and lithium salt 1.2 mol/L. LiPF, were
uniformly dissolved therein. A 2032-coin-type half-cell
(hereinafter, coin cell) using Li, as a negative electrode was
produced.

When producing a full cell using the produced positive
electrode active material, the produced positive electrode as
a slurry was coated on the aluminum foil so that a loading
level of the positive eclectrode active material was 8.5
mg/cm?. Thus, the positive electrode was produced. Graph-
ite as a slurry was coated on the copper foil so that the

TABLE 6
positive electrode active material precursor

Examples Ni Co Al Mo Mo
Present Mol- 89.1 9.9 — 1 10 (present only in a
Example 11 shell- thickness 0.2, um portion

NC90 from an outermost face)

Comparative NCAR9 89.1 9.9 1 — —
Example 10
Comparative Mol- 89.1 9.9 1 1 1
Example 11 NC90

As shown in Table 6, in Comparative Example 10, molyb-
denum was not present in both the precursor and the positive
electrode active material, and in Comparative Example 11,
tungsten was uniformly present in both the precursor and the
positive electrode active material. In Present Example 11,
the precursor was present at a concentration of 1 mol % only
in a portion of a thickness of 2 um from the outermost face.
That is, in Present Example 11, the average concentration of
molybdenum in the precursor thereof before the sintering

loading level thereof was 6.5 mg/cm? followed by roll
pressing and then vacuum drying to produce a negative
electrode. Then, electrolyte was produced as follows: eth-
ylene carbonate, and ethyl methyl carbonate (EC:EMC=3:7
v/v) were used as a solvent; vinylene carbonate (VC) as an
additive of 2 wt % and lithium salt 1.2 mol/LL LiPF, were
uniformly dissolved therein. In a pouch-type battery case,
the positive electrode, a separator (Celgard, model 2320)
and the negative electrode were stacked. The produced
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electrolyte was injected thereto. The case was sealed to
produce a pouch-type full cell.
3. Evaluation of Present Examples, Comparative Examples
and Production Examples
(1) Identification of Capacity and Cycle Characteristics
Using Half-Cell

The produced half-cell was charged to 4.3V and dis-
charged to 2.7V with a constant current of 0.5 C (1 C being
180 mA/g) at 30° C., and 100 cycles were performed under
the same condition as a charge/discharge test (hereinafter,
2.7V-4.3V). Thus, a recovery capacity was identified.
(2) Identification of Capacity and Cycle Characteristics
Using Full Cells

The produced full-cell was charged to 4.1V and dis-
charged to 3.0V with a constant current of 1 C at 25° C., and
100 cycles were performed under the same condition as a
charge/discharge test (hereinafter, 3V-4.1V). Thus, a recov-
ery capacity was identified.
(3) Identification of Microstructures of Metal Composite
Oxide (Precursor) and Positive Electrode Active Material
Using SEM

The microstructure of each of the positive electrode active
material according to each of the Production Examples and
the metal composite oxide (precursor) before the prelimi-
nary sintering of the positive electrode active material was
identified using SEM (Nova Nano SEM 450, FEI).

Hereinafter, the microstructure, surface characteristics
and electrochemical characteristics of the positive electrode
active material according to each of Present Examples and
Comparative Examples were identified.
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tration of 1 mol % of tungsten only in a portion having a
thickness of 1 um from the outermost face, and is absent a
region inwardly thereof. This is because during the produc-
tion process, tungsten was added only to the outermost face
of the positive electrode active material precursor. To the
contrary, it may be identified that tungsten diffuses inwardly
after the sintering as shown in FIG. 2b. It may be identified
that even when tungsten diffuses inwardly, the concentration
of tungsten gradually increases as the particle extends
toward the surface portion (outermost face). Referring to
FIG. 2a and FIG. 24, it may be identified that the concen-
tration of the inner portion (core) of the positive electrode
active material is constant, and all of the nickel, cobalt, and
manganese have concentration gradients in the outer portion
(shell).

FIG. 3 is a TEM photograph and a SAED pattern of the
surface portion of the positive electrode active material
according to Present Example 1 of the present disclosure,
and FIG. 4 is a TEM photograph and a SAED pattern of the
center portion of the positive electrode active material
according to Present Example 2 of the present disclosure.

Referring to FIG. 3 and FIG. 4, TEM pictures were taken
of' the surface portion (shell) and the center portion (core) of
the positive electrode active material according to Present
Example 1. Then, a SAED pattern thereof was analyzed. It
may be identified that in Present Example 1, the cation
ordering of lithium and transition metal is observed in the
surface portion of the positive electrode active material
particle, and the center portion of the particle has a layered
crystal structure.

TABLE 7
0.1C,
1st Dis- 0.2C 0.5C 0.5C L/L
Capa st Capacity 0.2C/ Capacity 0.5C/ Cycle (mg/
Examples (mAh/g) Efficiency (mAh/g) 0.1C (mAh/g) 0.1C  Retention cm?)
Present WO0.5- 226.5 95.40% 2215  97.80% 211.1 93.20% 98.00%  3.43
Example 1  CSG
NCM
NCWg9
Comparative CSG89 227.3 94.80% 222 97.70% 2125 93.50% 87.30% 4.34
Example 1
Table 7 is a table showing capacity and cycle character- 45 The positive electrode active material according to Pres-

istics according to each of Present Example 1 and Com-
parative Example 1. FIG. 2a is a SEM picture of the positive
electrode active material according to Present Example 1 of
the present disclosure. FIG. 26 is a graph analyzing the
elemental composition of the positive electrode active mate-
rial precursor according to Present Example 1 of the present
disclosure, and FIG. 2¢ is a graph analyzing the elemental
composition of the positive electrode active material of
Present Example 1 of the present disclosure.

Referring to FIG. 2a to FIG. 2¢, the elemental composi-
tions of the positive electrode active material precursor and
the positive electrode active material according to Present
Example 1 were analyzed based on a distance from the
particle center portion. As shown in FIG. 1 and FIG. 2, it
may be identified that the average concentration of tungsten
in the surface portion is higher than the average concentra-
tion of tungsten in the center portion, and the concentration
of tungsten gradually decreases as the particle extends from
the surface portion to the center portion.

Specifically, referring to FIG. 2a, in the positive electrode
active material precursor according to Present Example 1 of
the present disclosure, the tungsten is present at a concen-

ent Example 1 includes the first lithium layer made only of
lithium, the first transition metal layer made only of the
transition metal, the second lithium layer in which at least a
portion of lithium constituting the first lithium layer is
regularly substituted with transition metal, and the second
transition metal layer in which at least a portion of the
transition metal of the first transition metal layer is regularly
substituted with lithium. In this connection, the core portion
of the positive electrode active material of Present Example
1 has only a layered crystal structure in which the first
lithium layer and the first transition metal layer are alter-
nately stacked. The shell portion thereof has not only the
layered crystal structure in which the first lithium layer and
the first transition metal layer are alternately stacked, but
also a cation ordering structure as indicated by a round circle
in which the second lithium layer and the second transition
metal layer are alternately and regularly stacked.

In the second lithium layer, the lithium and the transition
metal are alternately arranged with each other. In the second
transition metal layer, the transition metal and the lithium are
arranged alternately with each other. The lattice formed by
the second lithium layer and the second transition metal
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layer includes the superlattice. The superlattice has 6 lithium
elements and 1 transition metal element.

That is, as shown in FIG. 3, it may be identified, based on
the electron diffraction pattern results of the [010] zone axis
or [100] zone axis, that in the core portion, only a first
diffraction point group as an unidirectional arrangement of
one or more diffraction points corresponding to the lattices
formed by the first lithium layer and the first transition metal
layer and having a relatively high intensity is observed,
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Based on FIG. 5 together with Table 7, it may be identified
that, even when tungsten was doped according to Present
Example 1 of the present disclosure, there was no decrease
in capacity, compared with Comparative Example 1 without
doping. In general, in the case of doping tungsten in a
high-concentration nickel condition, there is a problem in
that the content of nickel is reduced due to the doped
tungsten. To the contrary, according to Present Example 1,
when doping only the outermost face portion with tungsten,
the capacity reduction did not occur.

while in the shell portion, not only the first diffraction point 1o Referring to FIG. 6, in Comparative Example 1, the rapid
group but also a second diffraction point group as an decrease in capacity occurred as 100 cycles progressed. To
unidirectional arrangement of one or more diffraction points ~ the contrary, it may be identified that Present Example 1
corresponding to the lattices formed by the second lithium exhllblted excellent lifespan characteristics even at 100
layer and the second transition metal layer and having a cyces. . . .
ver . . ver 8 A s Referring to FIG. 7, the differential capacity based on the
relatively lower intensity than that of those included in the . L
first diffraction point sroun are observed nur.nber. of charge and dlsgharge of lithium sepondary be}t-
IS . I group are . . teries including the positive electrode active material
In this connection, Fhe first diffraction point group and the  according to each of Present Example 1 and Comparative
second diffraction point group are arranged alternately and  Example 1 was measured. It may be identified that as
regularly with each other. The first diffraction point groups 20 charging and discharging are performed, in the lithium
and the second diffraction point groups are spaced apart secondary battery including a positive electrode active mate-
from each other by the constant spacing. That is, in FIG. 3, rial according to Comparative Example 1, the peak value is
an extra peak (circular notation) that may not be indexed in greatly reduced when a voltage is between 4.1 and 4.2V. To
the system of the space group of R3m was identified. The the contrary, it may be identified that in the lithium second-
extra peak (circular notation) was indicated as the second 25 ary battery containing the positive electrode active material
diffraction point group. The peak that was brighter relative in which tungsten is doped at a relatively high concentration
to the second diffraction point group was indicated as the only into the outermost face portion according to Present
first diffraction point group. Example 1, the peak value does not change substantially
FIG. 5 is a graph measuring the discharge capacity of a when a voltage is between 4.1 and 4.2 V. That is, it may be
lithium secondary battery including a positive electrode 30 identified that in the Present Example 1, a volume change
active material according to each of Present Example 1 and due to contraction and expansion in the c-axis direction
Comparative Example 1 of the present disclosure. FIG. 6 is during the charging and discharging process was signifi-
a graph measuring the life characteristics of a lithium cantly reduced, such that the life characteristics were
secondary battery including a positive electrode active mate- improved, compared with Comparative Example 1.
rial according to each of Present Example 1 and Compara- 35  Referring to FIG. 8, DSC measurements of lithium sec-
tive Example 1 of the present disclosure. FIG. 7 is a graph ondary batteries including positive electrode active material
measuring the differential capacity based on the number of according to each of Present Example 1 and Comparative
charge and discharge of a lithium secondary battery includ- Example 1 were performed. As may be identified from FIG.
ing a positive electrode active material according to each of 7, it may be identified that the thermal characteristics of the
Present Example 1 and Comparative Example 1 of the 40 positive electrode active material doped with tungsten
present disclosure. FIG. 8 is a graph evaluating the thermal according to Present Example 1 are significantly better than
stability of a lithium secondary battery including a positive that of Comparative Example 1. In other words, it may be
electrode active material according to each of Present identified that performing tungsten doping is an efficient
Example 1 and Comparative Example 1 of the present way to improve the thermal characteristics of the positive
disclosure. electrode active material.
TABLE 8
0.1¢,
WShell 1st 0.5C
thick- Dis- st 0.2C 0.5C Cycle L/L
ness Average W Cap Effi- Capacity 0.2C/ Capacity 0.5C/ Retention (mg/
Examples (W1 %) composition (mAh/g) ciency (mAh/g) 0.1C (mAl/g) 0.1C (100CY) cm?)
Present WO0.125- 025 pm  0.13% 231.6  96.40% 226.8 97.90% 2182 9420% 91.60%  3.83
Example 2 shell-
NCM90
Present W0.25-  05pm  0.25% 2322 9640% 2269 97.70% 217.5 93.70%  93.10%  3.76
Example 3 shell-
NCM90
Present W0.5- lum  0.50% 2274 9550% 220.8 97.10% 208.7 91.80%  97.30%  3.89
Example 4  shell-
NCM90
Comparative NCM90 — — — 2313 96.30% 226.8 98.10% 217.9 9420%  85.80%  3.49
Example 2
Comparative WO0.5- — 0.50% 230.6  96.20% 226  98.00% 216.8 94.00%  94.10%  3.73
Example 3 shell-
NCM90
Comparative W1.0- — 1% 2258 9530% 2187 96.80% 205.8 91.10% 97.80%  3.62
Example 4 NCM90
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FIG. 9 is a graph showing the capacity characteristics of
each of Present Example 2 to Present Example 4 and
Comparative Example 2 to Comparative Example 4 of the
present disclosure, and FIG. 10 is a graph showing the cycle
characteristics of each of Present Example 2 to Present
Example 4 and Comparative Example 2 to Comparative
Example 4 of the present disclosure.

Referring to Table 8 and FIG. 9, it may be identified that
when tungsten was contained as 1 mol % in an entire area
as in Comparative Example 4, the capacity was relatively
lower, compared to Present Examples and other Compara-
tive Examples. To the contrary, referring to FIG. 10, it may
be identified that in Comparative Example 4, the cycle
characteristics were good. That is, as in Comparative
Example 4, when tungsten is added in the entire area at the
content of 1 mol % based on the total amount of the positive
electrode active material, the cycle characteristics are
improved, while the capacity characteristics are decreased.
Comparing the Comparative Example 4 with Comparative
Example 2 in which no tungsten was included and Present
Example 2 in which tungsten was included in a trace amount
(0.13 mol %), Present Example 2 showed similar capacity
characteristics to that of Comparative Example 2, and at the
same time, the lifespan characteristics of Present Example 2
were greatly improved.

Further, when comparing Present Example 4 and Com-
parative Example 3 of the present disclosure with other, it
was identified that Present Example 4 had better lifespan
characteristics compared to Comparative Example 3 even
though both included the same content of tungsten (0.50 mol
%). That is, it may be identified that when in the precursor
step, tungsten is present in the outermost face portion,
improved lifespan characteristics were achieved even at a
low concentration of tungsten.

10

15

20

25

30

34

secondary particle to the surface portion thereof, the length
in the c-axis direction hardly changed but the length in the
a-axis direction was larger in the surface portion than in the
center portion. Further, it may be identified that the shapes
of the primary particles and secondary particle in the pre-
cursor step were maintained to be substantially the same as
the shapes of those in the positive electrode active material
after the sintering at high temperature.

Referring to FIG. 12, it may be identified that in Com-
parative Example 5 without tungsten doping, the orientation
(the a-axis direction of the primary particles was oriented
toward the center portion of the secondary particles) of the
primary particles located in the surface portion of the
secondary particle was insignificant, compared to Present
Example 6, and the primary particles were not formed in the
form of a rod shape.

It may be identified that referring to Present Example 6 of
the present disclosure, even when tungsten is doped only in
the portion with a thickness of 0.2 um from the outermost
face, the primary particles constituting the secondary par-
ticle after sintering have rod shapes whose the aspect ratios
increase, that is, the lengths in the a-axis direction increase
as the secondary particle extends from the center of the
secondary particle to the surface thereof.

FIG. 13 is a graph showing the capacity characteristics of
each of Present Example 5, Present Example 6, and Com-
parative Example 5 of the present disclosure. FIG. 14 is a

TABLE 9
0.1C, 0.1C,
w 1st 1st 0.5C
oH=F Ch- Dis- 1st 0.2C 0.5C Cycle L/L
(mol %)  Cap Cap Effi- Capacity 0.2C/ Capacity 0.5C/ Retention (mg/
Examples A (mAh/g) (mAh/g) ciency (mAh/g) 0.1C (mAh/g) 0.1C (100Cy) cm2)
Comparative NCM — 240.6 2323  96.50% 227.1 97.70% 2188 94.20% 86.60%  4.04
Example 5 900703
Present W0.05- 0.05 2426 2331 96.10% 230.6 98.90% 2214 95.00% 91.80%  4.08
Example 5 shell-
NCM
900703
Present WO0.11- 0.11 2422 234 96.60% 231.1 98.80% 2224 95.10% 95.30%  3.71
Example 6  shell-
NCM
900703

FIG. 11 is an SEM image showing the cross-section of the
precursor according to Present Example 6 of the present
disclosure, and FIG. 12 is a SEM image showing the positive
electrode active material, which is the sintered body of each
of Present Example 6 and Comparative Example 5.

Referring to FIG. 11, in Present Example 6, when com-
paring the precursor and the positive electrode active mate-
rial with each other, it may be identified that in both the
precursor and the positive electrode active material, the
aspect ratios (ratio of the length in the a-axis direction to the
length in the c-axis direction) of the primary particles
increase as the secondary particle extends from the center
portion of the secondary particle to the surface portion
thereof. More specifically, it may be identified that as the
secondary particle extends from the center portion of the
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graph showing the cycle characteristics of each of Present
Example 5, Present Example 6, and Comparative Example
5 of the present disclosure.

Referring to FIG. 13 and FIG. 14 along with Table 9, it
may be identified that the capacity of each of Present
Example 5 and Present Example 6 doped with tungsten is
substantially similar to that of Comparative Example 5
without tungsten. To the contrary, it may be identified that
cycle characteristics of each of Present Example 5 and
Present Example 6 is excellent compared to Comparative
Example 5. Thus, it may be identified that as in the Present
Examples, even when cobalt content is relatively high,
tungsten is added only to the outermost portion, thereby
exhibiting excellent capacity characteristics and cycle char-
acteristics.
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TABLE 10
Wecontent 0.1C, 1st 0.1C, 1st 0.2C 0.5C 0.5C Cycle L/L
(mol %) Ch-Cap Dis-Cap st Capacity 0.2C/ Capacity 0.5C/ Retention (mg/
Examples entire area (mAh/g) (mAh/g) Efficiency (mAh/g 0.1C (mAb/g) 0.1C (100Cy) cm?)
Comparative NCM90 — 2402 2313 96.30% 226.8 98.10% 2179 94.20% 85.80%  3.49
Example 2
Present W0.125- 0.125 2418 2329 96.30% 2279 97.80% 219 94.00%  89.90%  3.24
Example 2 shell-
NCM90
Comparative NCM — 240.6 2323 96.50% 2271  97.70% 218.8 94.20% 86.60%  4.04
Example 5 900703
Present WO0.11- 0.11 2414 2315 95.90% 2269 98.00% 2199 95.00% 93.00%  4.22
Example 6  shell-
NCM
900703

Table 10 is a table showing electrochemical values includ-
ing capacity characteristics and cycle characteristics of each
of Present Example 2, Present Example 6, Comparative

Example 2, and Comparative Example 5. FIG. 15 is a graph 20

showing the capacity characteristics of each of Present
Example 2, Present Example 6, and Comparative Example
5, and FIG. 16 is a graph showing the cycle characteristics
of each of Present Example 2, Present Example 6, Com-

Examples of the present disclosure, the higher the cobalt
content, the more effectively the cycle characteristics are
improved. This is because cobalt whose concentration
increases at the particle extends toward the surface portion,
and tungsten whose concentration increases as the particle
extends toward the surface portion interact with each other
in the surface portion of the secondary particle having the

parative Example 2, and Comparative Example 3. . 25 highest concentration thereof, such that the crystal structure
Referring to Table 10 and FIG. 15, it may be identified . o .
that the capacity characteristics of Present Example 2 and is stabilized and thus microcracks are prevented from occur-
Present Example 6 and Comparative Example 2 and Com-  ring during the cycle, thereby preventing the penetration of
parative Example 5 are substantially similar to each other. the electrolyte thereto.
TABLE 11
0.1C, 1st 0.2C 0.5C 0.5C Cycle L/L
Dis-Cap 1st Capacity 0.2C/ Capacity 0.5C/ Retention (mg/
Examples (mAh/g) Efficiency (mAh/g 0.1C (mAl/g) 0.1C (100Cy) cm2)
Present W0.125- 215.6  97.20% 2121 98.40% 2062 95.60%  94.90%  4.17
Example 7 shell-
NCMS811
Present W0.25- 2149 97.10% 2109 98.10% 2049 9530% 94.80%  4.01
Example 8  shell-
NCMS811
Present W0.35- 2123 96.90% 2082 98.10% 2019 9510% 9540% 3.8
Example 9 shell-
NCMS811
Comparative NCM811  211.6  96.00%  207.7 98.20% 200.7 94.90% 9430%  3.51
Example 6
Comparative W0.75- 2123 95.00%  207.5  97.70% 198  93.20% 97.20%  3.37
Example 7 NCMg811

In FIG. 16, Present Example 2 is a positive electrode
active material doped with 1 mol % of tungsten only into the
portion with a thickness of 0.25 pm from the outermost face
of the precursor, and Present Example 6 is a positive
electrode active material doped with 1 mol % of tungsten
only into the portion with a thickness of 0.2 pm from the
outermost face of the precursor.

Regarding a case when 90 mol % nickel is contained,
Comparative Example 2 and Present Example 2 where
cobalt and manganese are included in a ratio of 5:5 may be
compared with each other, and Comparative Example 5 and
Present Example 6 in which cobalt and manganese were
included at a ratio of 7:3 may be compared with each other.
Thus, it was identified based on the comparing result that
cycle characteristics were excellent when tungsten was
doped into the outermost face portion in both the comparing
results.

Further, when comparing Present Example 2 and Present
Example 6 with each other, it was identified that Present
Example 6 had better cycle characteristics than Present

Example 2 had. It may be identified that in the Present
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FIG. 17 is a graph showing the capacity characteristics of
each of Present Example 7 to Present Example 9 and
Comparative Example 6 and Comparative Example 7 of the
present disclosure, and FIG. 18 is a graph showing the cycle
characteristics of each of Present Example 7 to Present
Example 9 and Comparative Example 6 and Comparative
Example 7 of the present disclosure.

Referring to Table 11 and FIG. 17 and FIG. 18, it may be
identified that the capacities of Present Example 7 to Present
Example 9 and Comparative Example 6 and Comparative
Example 7 are substantially similar to each other. To the
contrary, it may be identified that the cycle characteristics of
only Comparative Example 6 were bad while thereof the
others were substantially similar to each other. That is, in
Comparative Example 7, tungsten is doped into the entire
area of the precursor and has a content of 0.75 mol %.
However, in Present Examples 7 to 9, tungsten is doped
mainly into the outermost portion of the precursor, and the
content of tungsten is relatively lower than that in Com-
parative Example 7. However, it may be identified that the
cycle characteristics of Present Examples 7 to 9 were
excellent compared to Comparative Example 7.
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TABLE 12
0.5C
0.1C, 1st 0.2C 0.5C Cycle L/L
Dis-Cap 1st Capacity 0.2C/ Capacity 0.5C/ Retention (mg/
Examples No. (mAl/g) Efficiency (mAl/g 0.1C (mAh/g) 0.1C (100Cy) cm2)
Present WO0.5- #l 2284  96.30% 2233 97.80% 2133 93.40% 96.90% = 3.48
Example 10 shell- #2227 96.20% 222.6 9810% 213.6 94.10% 96.20%  3.36
CSG
Comparative W0.5- #2241 94.90% 216.7 96.70% 204 91.00%  95.40%  3.17
Example 8  central  #2 225.1 94.80% 217.8 96.80% 2052 91.20% 95.80%  3.17
portion-
CSG

Table 12 is a table showing electrochemical data about
Present Example 10 and Comparative Example 8. In Present
Example 10 (NCM NCW 90 (90 7.5 2 0.5)), the outermost
portion is doped with tungsten in the precursor producing
step. In Comparative Example 8 (NCW NCM 90 (89.55 5
0.5)), the innermost portion is doped with tungsten in the
precursor producing step. Two electrochemical evaluations
were performed on each of Present Example 10 and Com-
parative Example 8. FIG. 19 is a graph showing the capacity
characteristics of each of Present Example 10 and Compara-
tive Example 8, and FIG. 20 is a graph showing the cycle
characteristics of each of Present Example 10 and Compara-
tive Example 8.

Referring to FIG. 19, it may be identified that the capacity
characteristics of Present Example 10 in which the outer-
most portion is doped with tungsten with Comparative
Example 8 in which the innermost portion is doped with
tungsten have substantially no difference therebetween.

Referring to FIG. 20, it may be identified that Present
Example 10 has superior cycle characteristics compared to
Comparative Example 8. Thus, when the same amount of
tungsten is doped, the cycle characteristics of Present
Example 10 in which the outermost portion is doped with
tungsten is excellent compared to Comparative Example 8 in
which the innermost portion is doped with tungsten. This is
because when the outermost portion is doped with tungsten,
the crystal structure of the outermost portion is more stabi-
lized such that the penetration of the electrolyte from the
outside may be prevented during the cycle. In another
aspect, this is because tungsten doped into the outermost
portion of the secondary particle in the precursor step may
allow the rod shapes of the primary particles constituting the
secondary particle to be well defined in the outermost
portion of the secondary particle, and allow the orientation
of'the primary particles in the outermost portion to be further
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Table 13 is directed to a positive electrode active material
having a CSG (Core portion Shell Gradient) structure in
which the core has a constant concentration of each of
nickel, cobalt, and manganese, and at least one of nickel,
cobalt, and manganese has a concentration gradient in the
shell. In Present Example 10, tungsten is doped only into the
outermost shell, and in Comparative Example 9, tungsten is
doped uniformly into an entire area of the secondary par-
ticle. The average doping amounts of tungsten in Present
Example 10 and Comparative Example 9 were the same as
each other and were 0.5 mol %. FIG. 21 is a graph showing
the capacity characteristics of each of Present Example 10
and Comparative Example 9, and FIG. 22 is a graph showing
the cycle characteristics of each of Present Example 10 and

Comparative Example 9.

Referring to FIG. 21, it may be identified that the capaci-
ties of Present Example 10 and Comparative Example 9 are
substantially similar to each other. To the contrary, referring
to FIG. 22, it may be identified that Present Example 10 is
better in cycle characteristics than Comparative Example 9.
That is, it may be identified that even in the positive
electrode active material of the CSG structure, the case when
tungsten is doped into the outermost layer was more effec-

tive in cycle characteristics than the case when tungsten is

improved. uniformly doped into the entire area.
TABLE 13
0.1C, 1st 0.2C 0.5C 0.5C Cycle L/L
Dis-Cap st Capacity 0.2C/ Capacity 0.5C/ Retention (mg/
Examples (mAb/g) Efficiency (mAh/g 0.1C (mAh/g) 0.1C (100Cy) cm2)
Present WO0.5- 227 96.20% 222.6  98.10% 213.6 94.10% 96.20%  3.36
Example 10 shell-CSG
Comparative WO0.5- 230.5 97.00% 2255 97.80% 215.6 93.50% 94.20% 3.2
Example 9  CSG90
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TABLE 14
0.1C, 3rd 0.2C 0.5C 0.5C Cycle
Dis-Cap 1st Capacity 0.2C/ Capacity 0.5C/ Retention
Examples No. (mAh/g) Efficiency (mAh/g 0.1C (mAh/g 0.1C (100Cy)
Present Mol-  #1 2334 96.20% 230 98.60% 222.6 9540%  94.80%
Example 11  shell-  #2 2329 96.50% 229.7 98.60% 2234  9590%  94.00%
NC90
Comparative NCA89 #1 225.1 95.10% 2203 9790% 210.6 93.50%  83.70%
Example 10
Comparative Mol-  #1 228.7 96.1% 224.6 98.2% 216.6  94.8% 94.8%
Example 11 NC90

Table 14 shows the electrochemical characteristics of
each of Present Example 11, Comparative Example 10, and
Comparative Example 11. FIG. 23 is a SEM image showing
the cross section of the precursor of Present Example 11, and
FIG. 24 is a SEM image showing the cross section of the
positive electrode active material which is the sintered body
of Present Example 11. FIG. 25a¢ and FIG. 256 are SEM
images of the positive electrode active materials as sintered
products of Comparative Example 11 (left) and Present
Example 11 (right). FIG. 26 is a graph showing the elemen-
tal composition of the precursor of each of Comparative
Example 10 and Present Example 11 and of the positive
electrode active material as the sintered product thereof.
FIG. 27 is a graph showing the capacity characteristics of
each of Present Example 11, Comparative Example 10, and
Comparative Example 11. FIG. 28 is a graph showing the
cycle characteristics of each of Present Example 11, Com-
parative Example 10, and Comparative Example 11.

Referring to FIG. 23 and FIG. 24, it may be identified that
in Present Example 11 in which only the outermost portion
is doped with molybdenum (Mo), the rod shape of the
primary particles in both the precursor and the sintered
positive electrode active material is clear and primary par-
ticles are highly oriented. Further, in Present Example 11,
the shape of the rod of the primary particles as identified in
the precursor appears in the positive electrode active mate-
rial after the sintering.

Referring to FIG. 25, in Comparative Example 11, an
entire area is uniformly doped with molybdenum, while in
Present Example 11, the outermost portion is doped with
molybdenum. When the former and the latter have the same
amount of molybdenum, the primary particles and second-
ary particle of Present Example 11 have relatively similar
shapes.

Referring to FIG. 26, it may be identified that Present
Example 11 has a concentration gradient in which the
concentration of molybdenum after the sintering increases as
the secondary particle extends toward the outermost portion.

Referring to FIG. 27 and FIG. 28, it may be identified that
the capacity characteristics of Present Example 11, Com-
parative Example 10, and Comparative Example 11 are
substantially similar to each other, whereas the cycle char-
acteristics of Present Example 11 is superior to that of each
of Comparative Example 10 and Comparative Example 11.
Further, it may be identified that when the same content of
molybdenum is added to Present Example 11 and Compara-
tive Example 11, or the content of molybdenum added to
Present Example 11 is lower than the content of that added
to Comparative Example 11, the cycle characteristics of
Present Example 11 in which the outermost portion is doped
therewith is more excellent than that of Comparative
Example 11 in which molybdenum is doped uniformly into
the entire area.
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Those of ordinary skill in the technical field to which the
present disclosure belongs will be able to understand that the
present disclosure may be implemented in other specific
forms without changing technical idea or essential charac-
teristics thereof. Therefore, it should be understood that the
embodiments as described above are illustrative in all
respects and not restrictive. The scope of the present dis-
closure is indicated by the following claims rather than the
detailed description, and all changes or modifications
derived from the meaning and scope of the claims and their
equivalents are included in the scope of the present disclo-
sure.

The invention claimed is:

1. A positive electrode active material, represented by:

Li,Ni, , MI1,M2,0,

where M1 is cobalt (Co), manganese (Mn), aluminum
(Al) or mixtures thereof, M2 is tungsten (W), molyb-
denum (Mo), tantalum (Ta), niobium (Nb), hafnium
(Hf), silicon (Si), tin (Sn), zirconium (Zr), calcium
(Ca), germanium (Ge), gallium (Ga), indium (In),
ruthenium (Ru), tellurium (Te), antimony (Sb), iron
(Fe), chromium (Cr), vanadium (V), titanium (Ti) or
mixtures thereof, 0.8<a<1.1, 0<b=<0.2, 0.001=c=<0.05,
and O=d=<2, wherein the positive electrode active mate-
rial includes a second secondary particle as an aggre-
gate of a plurality of second primary particles,

wherein the positive electrode active material includes a

second center portion as a portion adjacent to a center
of the positive electrode active material, and a second
surface portion constituting an outer face of the positive
electrode active material and surrounding the second
center portion,

wherein each of the second center portion and the second

surface portion includes lithium, nickel, oxygen, M1
and M2, and

wherein M2 has a content in a range of 0.5 mol % to 10

mol % in each of the second center portion and the
second surface portion.

2. The positive electrode active material of claim 1,
wherein M2 has a content in a range of 0.5 mol % to 2 mol
% in each of the second center portion and the second
surface portion.

3. The positive electrode active material of claim 1,
wherein a concentration of M2 of the second center portion
is lower than a concentration of M2 of the second surface
portion.

4. The positive electrode active material of claim 1,
wherein a concentration of M2 of the second surface portion
has a concentration gradient in which a concentration
increases as the second surface portion extends outwardly
from the second center portion.

5. The positive electrode active material of claim 1,
wherein a percentage of a thickness of the second surface
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portion with respect to an average radius of the positive
electrode active material is in a range of 2% to 20%.

6. The positive electrode active material of claim 1,
wherein the positive electrode active material includes:

a first lithium layer made only of lithium,

a first transition metal layer made only of a transition

metal,

a second lithium layer in which at least a portion of the
lithium constituting the first lithium layer is substituted
with a transition metal, and

a second transition metal layer in which at least a portion
of the transition metal of the first transition metal layer
is substituted with lithium,

wherein each of the second center portion and the second
surface portion includes the first lithium layer and the
first transition metal layer, and

wherein the second surface portion further includes a
cation ordering in which the second lithium layer and
the second transition metal layer are alternately and
stacked one on top of the other.

7. The positive electrode active material of claim 6,
wherein a lattice formed by the second lithium layer and the
second transition metal layer includes a superlattice in which
a length of an a-axis is larger by two times than a length of
an a-axis of a lattice formed by the first lithium layer and the
first transition metal layer, and

wherein the superlattice includes 6 lithium elements and
1 transition metal element.

8. The positive electrode active material of claim 1,
wherein that a length in an a-axis direction of each of the
second primary particles is different from a length in a c-axis
direction thereof, and

wherein a length in the a-axis direction of each of the
second primary particles disposed in the second surface
portion is larger than a length in the a-axis direction of
each of the second primary particles disposed in the
second center portion.

9. The positive electrode active material of claim 1,
wherein a length in an a-axis direction of each of the second
primary particles is different from a length in a c-axis
direction thereof, and

wherein aspect ratios of the second primary particles as a
ratio of a length in an a-axis direction thereof to a
length in a c-axis direction thereof increase as the
second primary particle extends from the second center
portion to the second surface portion.

10. The positive electrode active material of claim 1,
wherein the positive electrode active material includes a
concentration-constant portion in which a concentration of
each of nickel and M1 is constant, and a concentration-
gradient portion in which a concentration of at least one of
nickel and M1 has a gradient, and

wherein a concentration of M2 has a gradient along the
concentration-constant portion and the concentration-
gradient portion.

11. The positive electrode active material of claim 10,
wherein an average concentration of M2 in the concentra-
tion-gradient portion is higher than an average concentration
of M2 in the concentration-constant portion.

12. The positive electrode active material of claim 11,
wherein the concentration-constant portion belongs to in the
second center portion,

wherein the concentration-gradient portion belongs to the
second surface portion, wherein a concentration of
nickel in the concentration-gradient portion
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decreases as the concentration-gradient portion extends
from an inner portion of the positive electrode active
material toward a surface thereof,

wherein a concentration of each of M1 and M2 in the
concentration-gradient portion increases as the concen-
tration-gradient portion extends from an inner portion
of the positive electrode active material toward a sur-
face thereof, and

wherein M1 includes cobalt (Co).

13. A lithium secondary battery comprising:

a positive electrode for a secondary battery including the
positive electrode active material according to claim
10; and

a negative electrode for a secondary battery; and an
electrolyte.

14. A battery module including the lithium secondary

battery according claim 13 as a unit cell.

15. A battery pack including the battery module according
to claim 14, wherein the battery pack is used as a power
source for a medium and large sized apparatus, and

wherein the medium and large sized apparatus is selected
from a group consisting of an electric vehicle, a hybrid
electric vehicle, a plug-in hybrid electric vehicle, and a
power storage system.

16. A positive electrode active material,

wherein the positive electrode active material includes a
second secondary particle as an aggregate of a plurality
of second primary particles,

wherein the positive electrode active material includes a
second center portion as a portion adjacent to a center
of the positive electrode active material, and a second
surface portion constituting an outer face of the positive
electrode active material and surrounding the second
center portion,

wherein each of the second center portion and the second
surface portion includes lithium, nickel, oxygen, M1
and M2,

wherein M1 is cobalt (Co), manganese (Mn), aluminum
(Al) or mixtures thereof, M2 is tungsten (W), molyb-
denum (Mo), tantalum (Ta), niobium (Nb), hafnium
(Hf), silicon (Si), tin (Sn), zirconium (Zr), calcium
(Ca), germanium (Ge), gallium (Ga), indium (In),
ruthenium (Ru), tellurium (Te), antimony (Sb), iron
(Fe), chromium (Cr), vanadium (V) and titanium (Ti) or
mixtures thereof,

wherein M2 has a content in a range of 0.5 mol % to 10
mol %,

wherein the positive electrode active material includes:

a first lithium layer made only of lithium,

a first transition metal layer made only of a transition
metal,

a second lithium layer in which at least a portion of the
lithium constituting the first lithium layer is substituted
with a transition metal, and

a second transition metal layer in which at least a portion
of the transition metal of the first transition metal layer
is substituted with lithium,

wherein each of the second center portion and the second
surface portion includes the first lithium layer and the
first transition metal layer, and

wherein the second surface portion further includes a
cation ordering in which the second lithium layer and
the second transition metal layer are alternately and
stacked one on top of the other.

17. The positive electrode active material of claim 16,

wherein a lattice formed by the second lithium layer and the
second transition metal layer includes a superlattice in which
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a length of an a-axis is larger by two times than a length of
an a-axis of a lattice formed by the first lithium layer and the
first transition metal layer, and
wherein the superlattice includes 6 lithium elements and
1 transition metal element. 5
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